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Abstract: This study presents a hybrid framework for mechanical identification of materials and
structures. The inverse problem is solved by combining experimental measurements performed
by optical methods and non-linear optimization using metaheuristic algorithms. In particular,
we develop three advanced formulations of Simulated Annealing (SA), Harmony Search (HS) and Big
Bang-Big Crunch (BBBC) including enhanced approximate line search and computationally cheap
gradient evaluation strategies. The rationale behind the new algorithms—denoted as Hybrid Fast
Simulated Annealing (HFSA), Hybrid Fast Harmony Search (HFHS) and Hybrid Fast Big Bang-Big
Crunch (HFBBBC)—is to generate high quality trial designs lying on a properly selected set of descent
directions. Besides hybridizing SA/HS/BBBC metaheuristic search engines with gradient information
and approximate line search, HS and BBBC are also hybridized with an enhanced 1-D probabilistic
search derived from SA. The results obtained in three inverse problems regarding composite and
transversely isotropic hyperelastic materials/structures with up to 17 unknown properties clearly
demonstrate the validity of the proposed approach, which allows to significantly reduce the number
of structural analyses with respect to previous SA/HS/BBBC formulations and improves robustness of
metaheuristic search engines.

Keywords: optical methods; inverse problems; hybrid metaheuristic algorithms; simulated annealing;
harmony search; big bang-big crunch

1. Introduction and Theoretical Background

An important type of inverse problems is to identify material properties involved in
constitutive equations or stiffness properties that drive the mechanical response to applied loads.
Since displacements represent the direct solution of the general mechanics problem for a body subject
to some loads and kinematic constraints, the inverse solution of the problem is to identify structural
properties corresponding to a given displacement field {u(x, y, z), v(X, y, z), w(x, y, z)}. The term
“structural properties” covers material parameters (e.g., Young’s modulus, hyperelastic constants,
viscosity etc.) and stiffness terms including details on material constituents (e.g., tension/shear/bending
terms in composite laminates, fiber orientation and ply thickness etc.) evaluated for the region of the
body under investigation.

The finite element model updating technique (FEMU) [1-3] and the virtual fields method
(VFM) [2-4] are the most common approaches adopted in the literature for solving mechanical
characterization problems. In general, FEMU is computationally more expensive than VFM but the
latter method may require special cares in selecting specimen shape, virtual displacement fields and
kinematic boundary conditions to simplify computations entailed by the identification process and
obtain realistic results.
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In the FEMU method, experimentally measured displacement fields are compared with their
counterparts predicted by a finite element model simulating the experiment. This comparison is
made at a given set of control points. If boundary conditions and loads are properly simulated by
the FE model, computed displacements match experimental data only when the actual structural
properties are given in input to the numerical model. The difference between computed displacement
values and measured target values may be expressed as an error functional () that depends on the
unknown material/structural properties to be identified. Hence, the inverse problem of identifying
NMP unknown mechanical properties may be stated as an optimization problem where the goal is to
minimize the error functional Q). That is:

: 1 N Sppyii=d1 ’
Min Q(Xl, X, ..\, XNMP) = \|Now ‘Zl = { P NMP
= AR (1)

Gp (X1, X2, ..., Xnmp) 2 0
XiL <X < XiU

where: Xprop (X1,X2, ... . Xnmp) is the design vector containing the NMP unknown properties ranging
between the lower bounds “L” and the upper bounds “U”; Ncnr is the number of control points at

which FE results are compared with experimental data; Sggyg and &), respectively, are the computed
and target displacement values at the j* control point; Gp(Xprop) define a set of NC constraint
functions depending on unknown properties that must be satisfied in order to guarantee the existence
of a solution for the inverse problem. Buckling loads or natural frequencies can also be taken as target
quantities in the optimization process: in this case, the displacement field of the structure is described
by the corresponding normalized mode shape.

Non-contact optical techniques [5-7] such as moiré, holography, speckle and digital image
correlation are naturally suited for material/structure identification because they can accurately
measure displacements in real time and gather full field information without altering specimen
conditions. The full field ability of optical techniques allows to select the necessary amount of
experimental data for making the results of identification process reliable. Furthermore, their versatility
also allows to choose the best experimental set-up for the inverse problem at hand. Based on the
type of illumination varying from coherent or partially coherent light to white light, the magnitude
of measured displacements may range from fraction of microns (using, for example, lasers and
interferometry) to some millimetres (using, for example, grating projection, image correlation and
white light), thus covering a wide spectrum of materials and structural identification problems.

Regardless of the way displacement information are extracted from recorded images, all optical
methods share a common basic principle. The light wave fronts hitting the specimen surface are
modulated by the deformations undergone by the tested body. By comparing the wave fronts
modulated by the body surface and recorded by a sensor before and after deformation a system of
fringes forms on the specimen surface; each fringe represents the locus of an iso-displacement region.
The spatial frequency distribution of fringes can be used for recovering strain fields. Material anisotropy,
presence of local defects (e.g., dislocations in crystalline structures) and/or damage (e.g., delamination or
cracks) produce fringe distortions or changes in spatial frequency of fringe patterns.

The inverse problem (1) is in general highly nonlinear and in all likelihood non-convex, especially if
there are many parameters to be identified. Furthermore, the error functional () is not explicitly defined
and each new evaluation of () entails a new finite element analysis. Such a non-smooth optimization
problem cannot be handled efficiently by gradient-based algorithms. In fact, their utilization has
continuously been decreasing in the last 10 years. For example, in the case of soft materials
(a rather complicated subject) just a few studies using Levenberg-Marquardt or Sequential Quadratic
Programming techniques (see, for example, [8-16]) have earned at least one or two citations per year.

Global optimization methods can explore larger fractions of design space than gradient-based
algorithms. This results in better trial solutions and higher probability of avoiding premature
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convergence to local minima. A purely random search allows in principle to explore the whole design
space but it may be computationally unaffordable because the number of trial solutions yielding
reductions of () rapidly decreases as the optimization process progresses. In order to rationalize
search process and improve computational speed of global optimization, metaheuristic algorithms
have been developed inspired by evolution theory, medicine, biology and zoology, physics and
astronomy, human sciences etc. Trial designs are randomly generated according to the selected
inspiring principle. Metaheuristic methods have been successfully utilized practically in every field of
science and engineering.

Genetic algorithms (GA) [17,18], evolution strategies (ES) [19-21] and simulated annealing
(SA) [22,23] were among the first metaheuristic optimization methods to be developed in the early
“1980s and are still widely utilized nowadays. The basic difference between GA/ES and SA is that the
former algorithms operate with a population of candidate designs while the latter algorithm, at least in
its classical implementation, considers one trial design at a time and then further develops it.

Swarm intelligence algorithms mostly inspired by animals’ behavior are other population-based
algorithms developed since early 1990s. They still attract the attention of optimization experts that
continue to propose new algorithms: the most popular methods are particle swarm optimization
(PSO) [24], ant colony optimization (ACO) [25], artificial bee colony (ABC) [26], firefly algorithm
(FFA) [27], bat algorithm (BA) [28], and cuckoo search (CS) [29].

Social sciences and human activities have been for almost 20 years another important source
of inspiration for metaheuristic algorithms, yet they not as popular as swarm intelligence methods.
Among others, we can mention tabu search (TS) [30], harmony search (HS) [31], imperialist competitive
algorithm (ICA) [32], teaching-learning based optimization (TLBO) [33], search group algorithm
(SGA) [34], and JAYA [35].

Astronomy, physics (electromagnetism, optics, classical mechanics, etc.) and natural phenomena
have provided another prolific field of inspiration, especially in the last 10-15 years: for example,
big bang-big crunch (BBBC) [36], gravitational search algorithm (GSA) [37], charged system search
(CSS) [38], colliding bodies optimization (CBO) [39], ray optimization [40], water evaporation
optimization (WEQ) [41], thermal exchange optimization (TEO) [42], and cyclical parthenogenesis
algorithm (CPA) [43], just to mention a few.

A rapid survey of the optimization literature produced over the last 15 years reveals that
GA [44-62], DE [63-75], SA [76-97], HS [98-112] and PSO [113-133] are the most popular metaheuristic
algorithms used in mechanical identification problems. In order to improve computational efficiency
of identification process, GA and SA were often hybridized [134-137]. Similarly, PSO was hybridized
with many other algorithms including, for example, GA [138,139], GA and ACO [140] and other swarm
intelligence methods [141]. HS was hybridized with GA [142] and PSO/RO [143].

BBBC [144-149] was more often utilized than ICA [150,151], ACO [152,153], JAYA [154,155] and
machine learning [156]. However, there are quite less studies on inverse problems employing BBBC
than for GA, DE, SA, HS and PSO. Such a difference may be explained with the informal argument
that BBBC was developed much later than GA, DE, SA, HS and PSO.

The many studies listed above is a direct consequence of the blooming of metaheuristic methods
favored by the exponentially increasing computational power. Applications of metaheuristic algorithms
to inverse problems with special emphasis on material characterization and structural damage
detection are critically reviewed in [157-161]. From the stand point of algorithmic formulation,
it should be noted that SA is the only metaheuristic algorithm inherently capable of bypassing local
optima. However, HS and BBBC include very important features that should be possessed by any
population-based algorithm. In particular, HS stores all candidate designs (i.e., those forming the
population and additional designs kept in memory from previous iterations) in a matrix called harmony
memory. Values assigned to optimization variables can be extracted from this memory to form new trial
designs. This allows one to carry out an adaptive search while avoiding stagnation. BBBC utilizes the
concept of center of mass, which makes it possible to follow the evolution of the average characteristics
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of the population over the optimization process. GA and PSO instead may suffer from premature
convergence, stagnation, sensitivity to problem formulation. Furthermore, GA and PSO include more
internal parameters than SA, HS and BBBC, which increases the amount of heuristics in the optimization
process. The same arguments may be used for DE whose performance is strongly dependent on the
crossover/mutation scheme implemented in the algorithm. Based on these considerations, we decided
to develop advanced formulations of SA, HS and BBBC for material/structural identification problems.

Lamberti et al. attempted to improve the convergence speed of SA (e.g., [77,81,83,84,162,163]),
HS (e.g., [164-166]) and BBBC (e.g., [165,166]) in inverse and structural optimization problems.
While these SA/HS/BBBC variants clearly outperformed referenced algorithms in weight minimization
of skeletal structures, improvements in computational cost were less significant for inverse problems
as those variants evaluated gradients of error functional () using a “brute-force” approach based
on finite differences. This occurred in spite of having enriched metaheuristic search with gradient
information. In order to overcome this limitation, this study presents new hybrid formulations of SA,
HS and BBBC that are significantly more efficient and robust than the algorithms currently available in
the literature. For that purpose, low-cost gradient evaluation and approximate line search strategies
are introduced in order to generate higher quality trial designs and a very large number of descent
directions. Populations of candidate designs are renewed very dynamically by replacing the largest
number of designs as possible. All algorithms use a very fast 1-D probabilistic search derived from
simulated annealing.

The new algorithms—denoted as Hybrid Fast Simulated Annealing (HFSA), Hybrid Fast Harmony
Search (HFHS) and Hybrid Fast Big Bang-Big Crunch (HFBBBC)—are tested in three inverse elasticity
problems: (i) mechanical characterization of a composite laminate used as substrate in electronic
boards (four unknown elastic constants); (ii) mechanical characterization and layup identification of
a composite unstiffened panel for aeronautical use (four unknown elastic constants and three unknown
layup angles); (iii) mechanical characterization of bovine pericardium patches used in biomedical
applications (sixteen unknown hyperelastic constants and the fiber orientation). Sensitivity of inverse
problem solutions and convergence behavior to population size and initial design/population is
evaluated in statistical terms.

The rest of this article is structured as follows: Sections 2—4, respectively, describe the new
SA, HS and BBBC formulations developed here trying to point out the theoretical aspects behind
the proposed enhancements and critically compare the new formulations with currently available
SA/HS/BBBC variants including those developed in [77,81,83,84,162,166]. Section 5 presents the results
obtained in the inverse problems. Finally, Section 6 discusses the main findings of this study.

2. Hybrid Fast Simulated Annealing

The flow chart of the new HFSA algorithm developed in this study is shown in Figure 1.
HFSA includes a multi-level and multi-point formulation combining global and local annealing,
evaluation of multiple trial points, and line search strategies based on fast gradient computation.
The hybrid nature of HFSA derives from the fact that metaheuristic search is enriched by approximate
line searches. Similar to classical SA, the proposed algorithm starts with setting an initial design
vector Xp as the current best record Xopr. The corresponding cost function value Qopt = Q(XopT)
is computed. Set the counter of cooling cycles as K = 1 and the maximum number of cooling cycles
as Kpax = 100. Set the initial temperature Ty equal to 0.1 near to the target value 0 of the error
functional Q.



Materials 2019, 12, 2133

' Initialization - Define initial design Xo and set Xorr=Xo

- Set initial temperature To and K=1
- Set limit number of cycles Kmax

Step1 | -Perturb design variables with Eq. (2)

- Generate a new trial design Xtr

A

__________________________

Q(X1rR)<Q(XO0PT)

Q(XTtr)>Q(XorT)

|

- Define X1r’ with mirroring strategy Eq. (3)

- Find global minimizer Xorr* of Qarr(X) on
(XTR’-XTR)

- Perform approximate line search on (Xorr*-Xorr)

- Use Metropolis’ criterion Eqs. (4,5), build IT datab.

YES Is

Update Xorr with
a better design

improved?

- Perform 1-D local annealing Eqgs. (6,7)
- Build/Update database IT Eqs. (4,5)

|

Update Xorr trying to
minimize cost penalty

s e |

Identificatio

- K=K+1

process —>| - Update Bk - Eq. (9)

- Set Tk+=BxTx

| Step 6 Output material/structures

properties/characteristics

Figure 1. Flow chart of the HFSA algorithm developed in this research.
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2.1. Step 1: Generate A New Trial Design with “Global” Annealing by Perturbing All Design Variables

Since determination of sensitivities 80)/8xj entails new structural analyses, material parameters
taken as optimization variables are perturbed as follows:

lwopr!-Qopr'™!|

Xj = XOPT; — (XOPT,]‘I - XOPT,jl_l) Ko Xorr 1 X NRNDj X Qopri-1/Qopri(j = 1., NMP) ()
where Xopt! and Xopr' ™! are the best records for the last two iterations; (Xopr') and (Xopr!™!) are the
corresponding values of error functional; Nrnp;j is a random number in the interval (0,1).

If OXopr') < QXopt ™), Xopr! — Xopr' ™) is a descent direction with respect to the previous
best record Xopr! ! while —(Xopr! — Xopr! 1) may be a descent direction with respect to the current
best record Xppt'. The approximate gradient of ) is computed as 1Qopt! = Qopr!IXorr! = Xopr 1I:
“~" sign included in Equation (2). The Ngnp; random number
preserves the heuristic character of the SA search while the Qopt,;-1/QopT; ratio forces the optimizer
to take a large step along a potentially descent direction. Using approximate gradient evaluation
allows computational cost of the inverse problem to be drastically reduced with respect to other SA
applications [76,77,81,83,84].

A trial design XTr(X0PT,1 + AX1, XOPT2 + AX2, ... XOPTNMP-1 + AXNMP-1, XOPT,NMP + AXNMP) 18
hence formed.

the absolute value accounts for the

2.2. Step 2: Evaluation of the New Trial Design

If Q(XTR) < Q(XoPT), XTR i8 Set as the new best record Xopr. Step 5 is executed in order to check
for convergence and reset parameters K and Tk.

If OXtr) > QXopr), a “mirroring strategy” is used to perturb design along
a descent direction. In fact, since Q(Xtr) > Q(Xopr) yields (Xtr — XOPT)T§Q(XOPT) > 0,
the —(Xtr — Xort) VQ(Xopr) < 0 condition is expected to be satisfied thus defining the new descent
direction (XTr™" — XoprT)=—(X1R — X0PT). The new candidate design Xtr"™" is defined as:

Xtr™" = 2XopT — XTR 3)

If the mirror trial point XTr™" yet does not improve Xopr (i-e., if Q(XTR™"Y) > Q(X0PT)), the Cost

function ()(X) is approximated by a 4th order polynomial that passes through the five trial points Xtg,
Xint , Xorr, XinT and Xtr™Y where XinT iS randomly generated on the segment limited by Xtr
and Xopr while XinT S randomly generated on the segment limited by Xopr and XTr™¢". A local 1-D
coordinate system is set for the segment limited by Xtr and Xtr™": the origin is located at Xpopr and
coordinates are normalized with respect to the distance from the origin. The trial point Xopr* at which
the approximate error functional Qapp(X) takes its minimum value is determined. An exact analysis is
performed at Xopr* and the real value of error functional Q(Xopt*) is computed. The following cases
may occur.

If O(Xort*) < Q(XorT), XOPT® is reset as the current best record. Hence, Step 5 is executed in
order to check for convergence and reset K and Tx.

If O(Xort*) > Q(XopT), trial designs Xtr, Xint , Xorr*, XinT . and Xtr™W are evaluated with
the Metropolis’ criterion. The cost function variation AQ)s = [(Q(Xs) — QU(Xopt)] is computed for these
designs (the s subscript denotes TR, INT’, OPT*, INT” and TR"", respectively). For the trial design
yielding the smallest increment AQ) > 0 (in all likelihood Xopt*), the Metropolis’ probability function

is defined as:
—-AQs

P(AQ) = e TR a0r/NDW) T .

where NDW are the trial points at which error functional was higher than the previously found
best records up the current iteration. The AQ), terms are the corresponding cost penalties. The ratio
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Y.r=1, NDW AQ/NDW accounts for the general formation of all previous trial designs and normalizes
probability function with respect to cost function changes.
The design X, is provisionally accepted or certainly rejected according to the Metropolis’ criterion:

P(Qs) > NRDs = Accept
P(€%) < NRDs = Reject ®)

where NRDy is a random number defined in the interval (0, 1).

If Xs may be accepted from Equation (5), it is added to the database I1, that includes all trial
designs that could not improve the current best record. Hence, Step 4 is executed.

If all of the X points are rejected from Equation (5), Step 3 is executed.

2.3. Step 3: Generate New Designs with “Local” Annealing by Perturbing One Variable at A Time

In classical SA, Mann cycles are completed and a total of Mann"NMP analyses are performed.
Here, derivatives 90/8x]- (j=12,... NMP) computed at Xopr are sorted in ascending order from the
minimum value to the maximum value. Following this order, design variables are perturbed one by
one as:

XjTR’ld = XQPT} + (XjU - XjL)'NRND,j (] =12,... ,NMP) (6)

where the sign “+” is used if d()/dxj < 0 while the sign “~” is used if d()/dx; > 0. If x; 'R violates side
constraints, it is reset as follows:

xR > xU = x™ = xorrj + (XU — xorr;j)-NRND, (G=12,...,.NMP)

@)

xR < Xt = xjTR = x4+ (xoprt) — X&) NRND, j

Each new design X1R) (XOPT1,XOPT2, - - - ,X]'TR, ... XOPTNMP-1,X0PTNMP) defined with Equations
(6) and (7) is evaluated and the current best record is updated if it holds Q(Xtr)) < Q(XopT)-
Conversely, if QXtr)) > Q(Xopr), the mirror trial point XTRj’mirr(XOPTrl,XOPT’2,2XOPT—X]'TR,
... XOPT.NMP-1,XOPTNMP) is evaluated. Two scenarios may occur: (i) if Q(XTr™) < Q(XorT),
XTR™I s set as the new best record Xopr; (ii) if also Q(XTrI™™) > O(Xopr), XTR) and Xtr/™i™ are
evaluated with the Metropolis criterion (5) and the best of them is eventually set as the current best
record. The 1-D search lasts until no improvement in design is achieved over two consecutive cycles.

Similar to the “global” annealing strategy, the 1-D probabilistic search attempts to generate trial
designs lying on descent directions. However, perturbation initiates from the most sensitive variables
in order to capture the effect of each single variable in a more efficient way. In fact, in the global
annealing search, the vector (XTr — XopT) was defined so as to have (Xtr — XOPT)T§Q(XOPT) <0,
thus forming a descent direction. However, non-linearity of cost function made such a condition be
not sufficient for improving design. In view of this, “local” annealing selects the most important terms
(XTR — XOPT)WQ/(?X]- that form the cost function variation and promptly correct them should they not
contribute effectively to the reduction of cost function.

2.4. Step 4: Evaluation of Trial Designs that Satisfy Metropolis” Criterion

If there are no trial designs for which the cost function decreases, HFSA extracts from the database
I1 (including designs that satisfy the Metropolis’ criterion) the design X; BEST for which the cost function
value is the least, and then sets this design as the current best record. Hence, the increase in cost is
minimized each time all improvement routines failed and the 1-D local annealing search could not
improve design.
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2.5. Step 5: Check for Convergence and Eventually Reset Parameters for A New Cooling Cycle

If the annealing cycles counter K > 3, HFSA utilizes the following convergence criterion:

|Qoprx—QoPTK-1] [Xorrx—Xorrx-ll.
| Qorrk i X | |XOP";&K I |
Qoprk-1—Qo0PTK-2 oPT K-1~XOPT K2
Max) Max QoPTXK-1 ; | Max [Xoptk-1] ! = ECONV ®
|QopT x-2—QoPTK-3| [XorT k—2=Xopr k-3
QopT,K-2 [Xoprx—2||

where Qpprk and Xoprk, respectively, are the best record and corresponding design vector obtained
in the K cooling cycle. The convergence parameter econy is set equal to 1077.

If the criterion (8) is satisfied or K = Kyax, go to Step 6.

Conversely, if K < 3 or stopping criterion is not satisfied (also for K > 3), the number of cooling
cycles is reset as K = K + 1. The temperature is adaptively reduced as Tx4+1 = Px Tk where:

K-1
Bx = [Z B./K

r=0

N 0 ~
X Max[0.95 /(1 4+ _REE ); (1 _ DFINK-1 )} o
Nrria OmiT k-1

Ointk-1 and QppN k-1, respectively, are the cost function values at the beginning and at the end of
current annealing cycle. Nggjg is the number of trial designs rejected out of total number of trial
designs Ntgria generated in the current cooling cycle.

2.6. Step 6: End Optimization Process

HEFSA terminates the optimization process and writes the output data in the results file.

3. Hybrid Fast Harmony Search

The new HFHS algorithm developed in this research is now described in detail. Like HFSA,
HFHS enriches the metaheuristic search with gradient information and approximate line searches.
This is done at low computational cost. Furthermore, the HS engine is enhanced by a 1-D probabilistic
search based on simulated annealing. Like many state-of-the-art HS variants, internal parameters
such as harmony memory considering rate (HMCR) and pitch adjusting rate (PAR) are adaptively
changed by HFHS in the optimization process based on convergence history. Last, classical harmony
refinement process based on bandwidth parameter (bw) is replaced by another random movement
that forces HFHS to refine the new harmony moving along a descent direction. The flow chart of the
new algorithm is presented in Figure 2.
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Figure 2. Flow chart of the HFHS algorithm developed in this research.
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The initial population of Npgp solutions is randomly generated using the following equation:

x]k:ij—i—pjk (x].U—x].L)(k =1,2,...Npop; j = 1,2,...,NMP) (10)

where pjk is a random number uniformly generated in the (0,1) interval.
These designs are sorted in ascending order according to values taken by the error functional Q).

1 1

1 1
X% X% XgMpq, XyMP
X5 X3 XNmpP-1 - XNmp
[HM] =| ... (11)
xYeop—1 Npop—1 Npop—1 _ Npop-1
& 2 NMP-1 NMP
S YPOP xyeor - Nrop Npop
1 2 NMP-1 NMP

As mentioned above, the present HFHS algorithm does not require initialization of internal
parameters HMCR, PAR and bw.

3.1. Step 1: Generation and Adjustment of a New Harmony with Adaptive Parameter Selection

Let XopT = {XOPT,1,XOPT2, - - - XOPTNMP] be the best design stored in the population corresponding
to Qopr. The gradient of error functional with respect to design variables VQ(Xopr) is computed at
Xopt. For each variable, a random number Nrnpj is extracted from the (0,1) interval.

If Nrnpj > HMCR, the new value x1r j assigned to the jth optimization variable (j=1,2, ... NMP)
currently perturbed is:

(xortj — xk) > (Y — xortj) & 0Q/0xj < 0 = XTRj = X0PTj = NRND,j X (XOPTj— Xj&) X Lj
(12)
(xortj — xjk) < (XU — xort;) & 0Q/0xj < 0 = XTrj = X0PTj £ NRND,j X (XU — XOPT}) X Lj

where d()/dx; is the cost function sensitivity for the jth design variable currently perturbed,
b = (8(2/8xj )/ IWQ(XOPT)II is the sensitivity coefficient normalized with respect to the gradient vector
modulus. Sensitivities d()/dx; are computed with Equation (22), which will be described later on in
this section. Using the “+” sign if it holds d()/dx; < 0 and the ‘'~ sign if it holds d()/dx; > 0, allows to
generate trial points lying on descent directions.

If HMCR is small, Equation (12) is more likely to be used. The (xTr; — XopT;) perturbations given
to each design variable are weighted by sensitivities to form the cost function variation AQtg for the
new harmony Xtr. This variation is expressed by the scalar product AQTgr between the gradient
§Q(XOPT) and the search direction STrT = (XTr — XopT) formed by the new harmony and the current
best record. If AQmr <0, StrT is a descent direction. In order to make StrT a descent direction,
all increments (xTrj — Xopt;) 9€2/dx; must hence be negative. The following strategy is adopted to
retain or adjust the perturbation given to the current design variable (j = 1,2, ... NMP):

(0€)/0x5)- (xtrj — xoprj) <0 = Leave x1rj unchanged
(13)
(0Q/0x;)- (xtrRj — XorTj) <0 = Reset xTrjas xtrj = (1 + Nrnp;)-XxorTj — NRND,j* XTR

Hence, Equations (12) and (13) randomly generate new trial designs that must lie on descent
directions. Sensitivities are computed at the current best record to improve convergence speed.
The mirroring strategy implemented by the second relationship of Equation (13) attempts to
transform the non-descent direction Str into the descent direction —Str by perturbing design
in the opposite direction.
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The effect of the distance of current best record Xgpt from side constraint boundaries is taken
into account by perturbing design variables by the largest step as possible (i.e., (xoptj — ij) or
(ij — Xopr,)) along the currently defined descent direction. This allows to maximize the improvement
in cost function.

If Nrnpj < HMCR, the new value xtgj assigned to the jth variable is defined as (j=1,2, ... NMP):

. _ oHM L ~sHM _ sHM,ess\  «HM,more _ sHM
XTRj = X7p ; + (NRND,] 0.5) xMax[(xTR/]. Xrg,} ), (xTR,], xTR,j)] (14)

HM less ~+HM, more
TR,j and XTR j

where X are two adjacent values to the Q%\f value stored in [HM], such that
M gHMmore {71116 classical HS and advanced formulations [163,164,167], HFHS does

~HM,less
MR} S TRj SR

not select the value xrg ; from the jh column of the harmony memory storing values of the corresponding
variable for each design of the population. This enhances diversity of optimization process and allows
to avoid stagnation.

By considering the difference (Nrnp; — 0.5), it is possible to increase or reduce the f(%% value.
The x1Rj value is then adjusted with Equation (13) to make also step (xrj — Xopr;) lie on a descent
direction. Conversely, in classical HS and [164-166], the pitch adjusting operation did not include any
information on how much the design may be sensitive to the currently analyzed variable.

If it holds also Nrnpj < Min(HMCR, PAR), the x1rj value is finally pitch adjusted as:

itch,adj |xTR,j - xOPT,j| .
X?R,j J = XTR,j + Ascale X NRND,]' X th X NGpitch,adj(] = 1,2,...,NMP) (15)

where NGypitch adj is the number of previously pitch adjusted trial designs; NGot is the total number of
trial designs generated in the optimization search. The NGpjtch adj parameter is reset as (NGpitch,adj + 1)
if the number of pitch adjusted variables included in a new harmony is larger than the number of
design variables perturbed with Equation (12) using gradient information.

The scale parameter Agqe is set as:

XTR — X J<0= -1
Ascale = (Xrw; o)) G = 1,2,...,NMP) (16)
]
(XTR,j — XOPT,j) >0=1

Equations (14)—(16) replace the bandwidth parameter bw usually used in many HS variants.
The new harmony Xtr(XTR1,XTR2, --- XTRNMP) can be decomposed in NMP sub-harmonies
XTR,j(XOPT,1,XOPT2, - - - XTRj/ - - - XOPT,NMP) Obtained by perturbing only one design variable at a time,
and that lie on descent directions. These movements are amplified by the scale factor defined
by Equation (16). Furthermore, Equation (15) accounts also for optimization history. In fact,
since NGpitch,adj/NGtot decreases as optimization progresses, the perturbation step defined to pitch
adjust each design variable gets finer as the optimum is approached.

The case Nrnpj < HMCR and Ngrnpj > PAR is dealt with Equation (13) eventually including the
mirroring strategy. Hence, the present algorithm intrinsically pitch adjusts design variables and tries
anyhow to improve the current design.

As mentioned above, new values of HMCR and PAR parameters are randomly generated in each
new iteration and adapted based on optimization history. In the q'" iteration, HMCR and PAR are
set as:

()aver,end(r1 NGpitch,adj
q-1 NGgradient

HMCRY = HMCReyiractedd X (17)

Qaver,init

- q-1
Qaver,endq ! % ||XOPT,end - XWORST,endH NGpitch,adj

PART = PARex’tractedq X (18)

... q-1 q-1 NG .
Oaver init [[XopT init = XworsT,init| gradient
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In Equations (17) and (18), Qaver’initq_l and Qaver’endq_l, respectively, are the average values of
cost function for the trial designs included in the harmony memory at the beginning and the end of the
previous optimization iteration (the Qaver,endq‘l/Qaver,initq_l ratio should always be smaller than 1).
XoPT,init and XWORST,inits XOPT,end aNd XwORST,end, respectively, denote the best and worst designs at
the beginning and the end of the previous iteration. NGgradient is the number of trial designs generated
by including gradient information: this parameter is reset to (NGgradient + 1) if the number of design
variables perturbed with Equation (12) is greater than NMP/2.

Random values HMCReytractedd and PAReytracted? are defined as:

{ HMCRexthtedq =0.01 + EHMCR X (099 - 001) (19)

PARextractedq =0.01+ ‘EPAR X (0'99 - 0-01>

where Egpvicr and Epag are two random numbers in the interval (0,1). The bounds of 0.01 and 0.99 set
in Equation (19) allow all possible values of internal parameters to be covered [168].

In the first iteration (q = 1), it obviously holds HMCRY = HMCReytracted and PARY = PARgytracted 1

Equations (17) and (18) rely on the following rationale: the error functional may decrease more
rapidly if large perturbations are given to many variables. This is more likely to happen when
gradient information is directly utilized, that is when it holds Nrnpj > HMCR. In order to increase the
probability of using Equation (12) for many design variables, the HMCR value randomly generated is
scaled by the (Qaver,endq_l /Qaverlmitq_l) ratio. The generation process of new harmonies is hence forced
to be consistent with the current rate of reduction of Q).

Furthermore, HMCR1 is scaled by the NGpitch,adj/NGgradient ratio. If the number of new harmonies
generated via pitch adjusting tends to be smaller than the number of new harmonies directly generated
including gradient information (i.e., if NGpitch adj/NGgradient < 1), it is more logical to keep following
such a trend.

Similar arguments hold for the PARY parameter. Pitch adjustment is performed
if Nrnp;j < Min(HMCR,PAR). Besides information on cost function reduction rate
(Qaver,endq_l/Qaver,initq_l)/ Equation (18) accounts for population diversity. In fact, pitch adjusting is
less effective as population becomes less sparse, that is when the |[XopT.end — XwORST,end |/l X0PTinit
— XwoRsT;nitl| ratio decreases. Again, the NGpitch,adj/NGgradient ratio preserves the current trend of
variation of the pitch adjusting rate parameter.

Determination of Sensitivities of ()

Since the error functional is implicitly defined, gradients are determined by approximate line
search. The cost function variation AQ* = [(U(X¥) — Q(Xopr)] that occurs by moving from the best
design Xopr to the k' design X* stored in the harmony memory is determined for all designs.
The corresponding distance AS* = [[X~Xopr|| is computed. The approximate (i.e., “average”) gradient
along each direction S* = (X* - Xopr) is computed as AQ¥/ASK. Since the new harmony must lie on
a descent direction, the S¥ vectors must be transformed into descent directions Sgesc® = (XopT — X¥),
that is Sqesc® = —AS¥. Three descent directions are considered: (i) best direction Sggst corresponding to
the largest cost variation between candidate designs (this is the opposite direction to (Xworst — XopT));
(ii) steepest descent direction Sgast corresponding to the largest gradient AQK/ASK; (iii) the second
best direction SjngpesT corresponding to the second largest cost variation between candidate designs
(this is the opposite direction to (XanaworsT — XoPT))-

Figure 3 illustrates the formation of the descent directions and their mutual positions with respect
to the gradient of cost functional. Any descent direction should be within the region limited by Sggsr,
SondBesT and Spast. However, if the problem is highly nonlinear, it may happen that cost function
oscillates along these directions and exceeds the current optimum cost. For this reason, step sizes are
taken along SgesT, S2naBesT and Sgast. The scale factors Bpgst, BondpesT and Prast are defined so that
SBEST™, SonapesT"™ and Spast"™! are unit vectors. If ||Spestll < 1 or [IS2napesTll < 1 or [ISpasTl < 1,
the corresponding unit direction coincides with the original direction and remains a descent direction.
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In order to check if unit directions are descent directions, three new trial designs Xgr®, Xgr® and
Xgr® are defined as:

XgrY = Xopr + SpesT"™*
Xgr'® = Xopr + SonapesT™ (20)

Xcr® = Xopr + Spast"™

Xe® X

Figure 3. Determination of sensitivities for HFHS and HFBBBC. Red dots represent designs stored in
the population. Since vectors (Xx — Xopr) are non-descent directions as (Xi — Xort)TVQ(XopT) > 0,
the opposite vectors are considered in order to perturb design along descent directions.

unit unit

The Sest™, SondBEST and SgasT unit vectors are classified as descent directions if the

following conditions hold true, respectively:
0
0
o

At this point, it is very likely that there will be between one and three unit descent directions in the
neighborhood of the current best record. Sensitivities are hence defined as follows (j = 1,2, ... NMP):

XGR(l) - Qoprr<0= SBESTWMl descent
XGR(z) - Qopr<0= SzndBESTunit descent (21)
XGR(3)) —Qopt < 0 = Spagt"™ descent

[Q(Xer™M)-Qopr] (xcrjV—x0rr)) | [Q2(Xcr®)-QoPT] (XGR,j(z)_XOPT,j)‘

0

2 — Min ||SBE§T”””|| ||SB(]§ T 7 |ISonasesT |l IS2naBEST I/ (22)
Jx; [Q(Xer®))-Qopr] (xcrj"® —x0PT;
ISEasT""|| ISEasT"||

Equation (22) shows that the directional derivative along a unit direction is scaled by the direction
cosines in order to get sensitivities with respect to optimization variables. The minimum in Equation (22)
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accounts for the possibility of having non-descent unit directions. In the limit case of three non-descent
directions, sensitivity is set equal to the minimum positive value so as to minimize the cost function
increment in the neighborhood of the current best record. The approximate gradient evaluation strategy
implemented by HFHS allows computational cost of the identification process to be significantly
reduced with respect to previously developed HS variants. Once derivatives are computed, Step 1 is
completed in the same way as described before.

3.2. Step 2: Evaluation of The New Trial Design

The quality of the new harmony Xtr defined in Step 1 is evaluated in this step. In classical HS,
if the new trial design XrR is better than the worst design Xworst currently stored in the harmony
memory, it replaces the worst design in [HM]. The sophisticated generation mechanism developed in
this research makes the new trial design have a high probability of improving also the current best
record. The following cases may occur: (i) Q(Xtr) < Qopt; (i) Q(XTR) > QoOPT-

If Q(XTR) < QopT, the worst design is removed and the new harmony Xtr is set as the current
best record. The former optimum design becomes the second best design stored in the population.
The remaining (Npop — 2) designs are analyzed. Let (Xnpop-2)' be a generic harmony of these
(Npop — 2) designs. For each remaining harmony (Xnpop-2)", the approximate gradient with
respect to the current optimum is determined as AQ/AS", where AQ" = [Q((Xnpor-2)") — Qorr]
and AS" = ||(Xnrop—2)" — Xortll. Let Xnpop—2™ST be the harmony corresponding to the largest
approximate gradient. Each (Xnpop-2)" harmony is tentatively updated using Equation (23),
with re(Npop — 2):
P = (Xnpor-2)" + nest X [Xoprt — (XNpoP-2)"] + N2ndBEsT X [Xopt — (XNpPoP-2)']

(23)

(Xnror-2)

+Mpast X [(Xopr — Xnpop-2"25T)]

where NggsT, N2ndBEST and MpasT are three random numbers extracted in the (0,1) interval.

If Q((Xnprop-2)""¢") < U(XnpPopr-2)"), the new harmony (Xnpop—2)""¢" replaces the old harmony
(XnpPop-2)". Otherwise, the new harmony is discarded and the hold harmony is kept in the population.
The population is reordered based on the cost of each harmony. Equation (23) introduces a sort of
social behavior that induces harmonies to approach the two best designs stored in the population and
to reduce the cost function as fastest as possible.

If O(XTR) > QoPT, the new harmony Xtr is compared with the rest of the population. Let us
assume that Xtg ranks p™ in the population of Npop designs. The former worst design is removed from
the population and the former second worst design becomes the new worst design. Hence, there are
(p — 1) better designs than Xtr and (Npop — p) worse designs than Xtr.

The (Npop — p) designs are analyzed similarly to what is done for (U(Xtr) < Qopt. New harmonies
are defined using Equation (24), with re(Npop—p):

)r,new

(Xnror-p = (Xnpor-p)" + nBesT [XoPT — (XNPOP-p)'] + N2ndBEsT [XopT — XNpOP-p)]  (24)

+ Neast-[(Xopt — Xnpor—p 1))

where 1MgEsT, NondBEST and NpasT are three random numbers in the (0,1) interval. The new harmony
(Xnpop-p)"™e" replaces the old harmony (Xnpop-p)" if it yields a lower value of error functional.
The population is reordered based on the new values of ).

This strategy has the following rationale. Whilst XTr could not replace the optimum, it has
a higher quality than other designs of the population. Hence, the other individuals try to imitate its
behavior, at least approaching the optimum and improving their positions.
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3.3. Step 3: Perform 1-D “Local” Annealing Search

If Step 2 could not improve Xoppr, the 1-D “local” annealing search mechanism described in
Section 2 is utilized. Variables are perturbed in the neighborhood of Xopr based on the magnitude of
sensitivities d()/dx;. Trial designs that yield a positive increment AQ)s > 0 with respect to Qopr and
satisfy the Metropolis’ criterion replace the worst designs stored in the harmony memory [HM].

3.4. Step 4: Check for Convergence
As the optimization process proceeds towards the global optimum, population sparsity must

Npop
decrease. For this reason, the “average” design is defined as Xayer = ( Y Xk)/ Npop. The average
k=1

Npop
value of error functional Q,yer is defined as Qayer = Y, Q(Xk)) /Npop.
k=1

The following termination criterion is utilized in this research:

STD{ [X1—Xaverll ,HXZ_Xaver” ///// ||XNPOP_Xaver|| } .

[Xaverll ¢
<
Max STD{QL (O J QT QNPOP] = &conv (25)

where the convergence limit econy is set equal to 107!%, smaller than the double precision limit
used in computing technology. Steps 1 to 4 are repeated until the HFHS algorithm converges to the
global optimum.

3.5. Step 5: End Optimization Process

The present HFHS algorithm terminates the optimization process and writes the output data in
the results file.

4. Hybrid Fast Big Bang-Big Crunch

The new HFBBBC algorithm developed in this research is described in detail in this section.
The strength points of the present formulation with respect to state-of-the-art BBBC variants can be
summarized as follows. First, similar to HFSA and HFHS, computation of sensitivities does not entail
new structural analyses. Second, descent directions from which Xrg is generated are more accurately
selected. Third, population is dynamically updated so as to simulate an explosion about the center of
mass but with all new trial designs lying on potentially descent directions. The hybrid nature of the
HFBBBC algorithm comes from the combination of the explosion/contraction process with 1-D local
annealing and line search mechanisms. The flow chart of the algorithm is shown in Figure 4.
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- Generate initial population — Eq. (10)
. | - Evaluate Q(X) for all Xxand find Xorr T
3 Initialization |
e —— R —
i Define center of mass Xcm — i
Eq. (26) Step1 |
- Set Xcm as Xorr
Xcm better than - Remove XWORsT
Step 2 - Renew population Eqs. (27,28)
Generate trial design Xmr with
.| mirroring strategy, Eq. (29), or/and Step 3 |
.| approximate line search, Eq. (30)
Perform 1D SA-type
Xtr better than
search Eqs. (4,5,6,7)
Step 4

Xorr improves

+YES

Update Xorr, Xcm and renew

population with Eqgs. (27,28)

Xorr stayg

the same

- Perform new explosion to form

a new population - Eq. (31).

Identification
process

onverged? Step 5
Output material/structures !
properties/characteristics Step 6 }

Figure 4. Flow chart of the HFBBBC algorithm developed in this research.

Like HFHS, the initial population of Npop designs used by HFBBBC is generated with Equation (10).
The present algorithm does not require any setting of internal parameters except for the population size
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Npop. Error functional is evaluated for all candidate solutions. The best design Xopt corresponding to
the lowest value of error functional Qopr is determined.

4.1. Step 1: Definition of The Center of Mass

The coordinates of the center of mass of the population Xcm(Xxcem1,Xeme, ... XcMNMP) are
defined as:

Npop X]'k Npop 1
xcmj = Z L/ Z — |G = 1,...,NMP) (26)
k=1 O k=1 0

where xj,k is the value of the j optimization variable stored in the k' trial design, Q is error functional
value for the k' trial design. Penalty functions can be used to sort designs. The weighting coefficients
1/Q% make position of center mass be more sensitive to the best designs stored in the population.

4.2. Step 2: Evaluation of The Center of Mass and Progressive Update of Xcpr As Current Best Record

Error functional is evaluated at Xcm. As mentioned above, BBBC formulations usually converge
to the optimum design by updating the position of Xcm. However, there is no guarantee that the new
Xcm may be the center of a better population. Since Xcm represents a weighted average of candidate
designs, its quality will be somewhere in between the worst and best individuals included in the
population. The present HFBBBC algorithm considers two cases: (i) Xcm is better than Xopr; (ii) Xcm
is worse than Xopr.

In [164,165,167], Xcm was reset as Xopr if case (i) occurred. The worst design included in the
population was replaced by Xcm and a new center of mass was defined. The same was done until case
(ii) occurred. That approach allows one to avoid performing a new explosion about each new center of
mass, thus saving Npop structural analyses with respect to classical BBBC. However, it was replaced
only one design at a time while classical BBBC renews the whole population each time Xcm is updated.
In order to overcome this limitation without increasing computational cost, the following strategy has
been implemented in this study.

If Xcwm is better than Xopr, it is reset as Xopr. The former best record becomes the second best
design. The worst design is removed from the population. Any direction defined as (Xopt — Xx) is
a descent direction with respect to X because (2(Xk) > Q(Xopr): the design improves as we move
away from Xi. However, (Xopt — Xk) is also opposite to (Xx — Xopr), which is a non-descent direction
with respect to Xopr. If cost functional gradient changes smoothly, a direction which was descent for
Xk may remain descent also for Xopr. In view of this, HFBBBC tentatively updates designs as:

XieMaYe = Xy + (1 + £ )(Xopr — Xk) (k=1,... Npop—1) (27)

where £ is a random number in the interval (—1,1). If £,.(—1,0), X e"tative Jjes between Xy and Xopr;
if £,.€(0,1), X, '*tative Jies beyond Xopr.

Since the X 'eative designs are potentially better than the X designs as they have been defined
by moving towards the current best record or trying to improve Xoppr itself, a population including
the (Npop — 1) designs X '®a1Ve and the current best record Xopr should be of higher quality than
the current population. Consequently, the new center of mass Xcm™™2¢ should be better than the
former center of mass Xcm defined for the original population and further improve Xopr.

In order to reduce computational cost, approximate values of error functional Qapp (X tentativey
are determined as:

i X tentlztivf_x .
Q(thentatzve) — Q(Xk) w 1f & € (—1,0)

|thentutivf_XOPT | |

tentative | . (k = 1,2,...,Npop — 1) (28)
(X )= 006) Bsor=g s if&e(01)
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The approximate position of the center of mass Xcm "2t is determined with Equation (26) using

the X 'e"24Ve yectors and the approximate values of error functional Qapp(Xi'*™?V¢). The real value

tentative jg hetter than Xopr, it is reset as Xopr-

of error functional is evaluated at Xcpre™20ve, If Xcom
The X 'entative designs replace the original designs Xy and a new loop is performed using Equations (27)
and (28). If Xemtertative does not improve any more the current best record Xopr, a new center of
mass (X CMtentative)r
Xopr: that is, Equation (27) is used only for £,€(~1,0). This is done because the X "®2tve designs lying
beyond Xopr could violate side constraints because of the very large perturbations given to variables.

If Xem'e™t34€)” improves the current best record, it is reset as Xopr. The Xi'®™ative designs

is defined by changing only the weights of the designs that lie between Xy and

generated for £,€(—1,0) replace the corresponding Xy designs. A new loop is performed using
Equations (27) and (28). This process is repeated until a new center of mass improves the current
best record.

If both points Xcm '™V and (Xcm'e™24Y€)” do not improve Xopr, the X 'entative designs are
moved back to the corresponding Xy designs and Step 3 is executed.

Similar to classical BBBC, population is renewed each time the position of the center of mass is
updated. However, the present algorithm requires only one or two structural analyses to evaluate
XemMave and (Xem'e™2tVe)” vs. between the rather broad range of 0.1Npop to Npop analyses
(often sensitive to the optimization problem at hand) required by state-of-the-art BBBC algorithms
(see for example [169]).

4.3. Step 3: Evaluation of The Center of Mass and Formation of new Trial Designs Different from Xca

The case Q(Xcm) > Q(Xopr) (i-e., Xcm is worse than Xopr) is the most likely to occur because the
center of mass averages the properties of the Npop designs included in the population and hence it
should rank between Xworst and Xopr. The present algorithm utilizes a computationally inexpensive
approach. A new trial design XTr™ is defined with the mirroring strategy. That is:

mirr

XTr™™ = (1 + nMirr) XoPT—MMIRR X XCM (29)

where nyrr is @ random number in the interval (0,1). The mirroring strategy attempts to turn the
non-descent direction (Xcm — Xopr) into the descent direction (Xtr — Xoprr). Using a random
number smaller than one limits the search in the neighborhood of the current best record.

If Q (Xrr™™) < O (Xopr), this trial design replaces the current best record which becomes
the second best design of the population. The worst design is removed from the population.
The optimization process is continued with Step 2 to generate (Npop — 1) Xj!*"ative designs,
renew population and update position of Xcm; convergence is checked in Step 5.

If Q(XTr™™) > Q(Xopr), the mirroring strategy (29) is judged not effective and a new trial design
must be generated by combining a set of descent directions. Since Q(Xcm) > Q(Xopt), the (Xem — XorT)
vector is a non-descent direction with respect to the current best record. However, the opposite direction
SorT_cm = —(Xem — Xort) = (Xopt — Xcom) may be a descent direction, especially if the gradient of cost
function is smooth. Similar to the HFHS algorithm described in Section 3, the approximate gradient of
Q(X) is determined also for HFBBBC. All (Xopt — Xk) vectors are opposite to directions (Xx — Xopr) that
were non-descent with respect to Xopr. For each design Xy the approximate gradient V() *PP" = [()(X)
— OXor1)l/IIXk — Xoprll is calculated. The Sgest = (XopT — XworsT) direction corresponding to the
largest variation of cost function between two candidate designs, the Sgast = (XopT — XpasT) direction
corresponding to the largest V(3 ?PP*, and the SanagesT = (XopT — X2ndBEST) direction corresponding
to the second best design are considered. A new trial design Xrg is defined as:

mirr

X1R = XoPT + NOPT-CMSOPT.CM + NMBESTSBEST + N2ndBESTS2ndBEST + TIFASTSFAST (30)

where Nopt-cM, NBEST, N2ndBEST and Npast are four random numbers generated in the (0,1) interval.
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The generation of a new trial solution Xtr with Equation (30) is illustrated in Figure 5 for an
inverse problem with two variables. If the error functional gradient is smooth enough, a descent
direction S will satisfy the condition STVQ (Xort) <0, as it appears to be for Sopr_cp, SBEST, SFasT and
SondBesT directions in the figure. By summing up the steps taken on Sopr_cpm, SBEST, SrasT and
S2ndBEST, a trial design Xtr lying on a descent direction can be obtained.

‘ SanBEST
‘ XopT

n FASTOFAST

n oPT-cMSOPT.CM

n BESTOBEST

nanBESTSanBEST !
Sl

Figure 5. Determination of trial points for hybrid HFBBBC when Q(Xcm) > Q(Xopr). The red dots
represent designs stored in the population.

The present HFBBBC algorithm directly perturbs variables with respect to the current best record
and hence generates higher quality designs. The effect of the average properties of the population
described by Xcm is now taken into account by considering the Sopt_cp direction.

The quality of XtR is evaluated as usual. If Q(Xtr) < Q(XoPpT), the trial design replaces the
current best record and the worst design is removed from the population. Step 2 is performed to
eventually renew population and update position of Xcm; convergence check is performed in Step 5.
Otherwise, the 1-D “local” annealing search of Step 4 is executed.

4.4. Step 4: Perform 1-D “Local” Annealing Search

HFBBBC utilizes the same probabilistic search mechanism implemented in HFSA and HFHS.
However, the position of the center of mass is updated each time a trial design improves the current
best record. The new center of mass and its mirror point with respect to the current best record also are

evaluated to check for further improvements in design or to define additional points satisfying the
Metropolis criterion.
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4.5. Step 5: Check for Convergence and Perform A New Explosion If Necessary

HFBBBC checks if the best design of the population has been improved in the current optimization
cycle. Convergence check is performed after operations entailed by Steps 3 and 4. Let be (Xopr)™t
and (Xopr)! the best designs at the beginning and at the end of the current optimization cycle.
If (XOPT)firlal is better than (Xopr)™!, HFBBBC checks for convergence using the same criterion,
Equation (25), adopted for HFHS. If convergence is reached, Step 6 is executed. Otherwise, Steps 1 to
4 are repeated until HFBBBC converges to the global optimum.

If (XopT)™ is equal to (Xopr)"?!, the current optimization cycle did not improve design in spite
of the numerous improvement routines available in HFBBBC. For this reason, a new explosion is
performed about Xopr trying to generate a higher quality population. The following equation is
utilized:

x].k = xoprj — 0" (xoprj —Xcm;)(k = 1,2,...,Npop; j = 1,2,...,NMP) (31)

where pj* is a random number in the interval (0,2) to generate the j" variable of the k' design.
The interval (0,2) is large enough to avoid stagnation near the current best record. If x]k < xk

;- or
X< > XY, x]k is reset to x¥ = ( ij +xopr;) /2 0r XX = (X0PTj + x].U) /2, respectively. The new population

is generated by perturbing the current best record Xopr along the direction —(Xopt — Xcm), opposite to
the non-descent direction (Xcm — Xopr). The rationale of Equation (31) is to search for descent
directions with respect to Xopt by decomposing a potentially descent direction in its components.

The new designs are compared with the previous population and only the best Npop designs
are retained in the new population. This elitist strategy allows to keep the Xopr design in the
population passed into the next optimization iteration should all of the new Npgp designs generated
with Equation (31) be worse than Xopt. The optimization process is reprised from Step 1.

4.6. Step 6: End Optimization Process

The HFBBBC algorithm terminates the optimization process and writes the output data in the
results file.

5. Test Problems and Results

The HFSA, HFHS and HFBBBC algorithms developed in this study for mechanical identification
problems were tested on two composite structures and a hyperelastic biological membrane.
They were compared with other SA/HS/BBBC variants (e.g., [77,81,83,84] and their successive
enhancements [162-166]) including gradient information in the optimization search, as well as with
adaptive harmony search [170,171], big bang-big crunch with upper bound strategy (BBBC-UBS) [172],
JAYA [35], MATLAB Sequential Quadratic Programming (MATLAB-SQP) [173] and ANSYS built-in
optimization routines [174]. The ANSYS built-in optimization routines (e.g., gradient-based, zero
order and response surface approximation) were run in cascade or alternated in order to maximize
their efficiency.

The abovementioned comparison should be considered very indicative for the following reasons:

e Adaptive HS[170,171] and BBBC-UBS [172] represent state-of-the-art formulations of harmony
search and big bang-big crunch, which have been successfully utilized in many optimization
problems. In particular, the adaptive HS algorithm adaptively changes internal parameters
without any intervention by the user: this approach is very similar to what is done by HFHS.
The BBBC-UBS algorithm [172] immediately discharges trial designs that certainly would not
improve the current best design included in the population, thus saving computational cost;
this elitist strategy is somehow consistent with the rationale followed by HFSA, HFHS and
HFBBBC that always try to generate trial designs lying on descent directions.

e  JAYA [35] is one of the most recently developed metaheuristic algorithms that has soon emerged
as a very powerful method and gathered great consideration from optimization experts. The basic
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idea of JAYA is very simple yet very effective: search process tries to move toward the best design
and avoid the worst design of the population. Besides this, JAYA is very easy to implement and
does not have internal parameters to be tuned. The basic formulation of JAYA was successfully
used in the damage detection problems solved in [153,154]. In [175,176], JAYA’s computational
efficiency was improved by adding an elitist strategy, which is conceptually similar to that used
by BBBC-UBS. However, such a strategy may become computationally ineffective for inverse
problems as it entails a new finite element analysis each time a design of the population is updated.
Nevertheless, it is interesting to compare HFSA, HFHS and HFBBBC with JAYA also.

e  SQP is universally reputed by optimization experts the best gradient-based method available in
the literature. The method is globally convergent, does not require setting of move limits and does
not suffer from premature convergence. The successful use of MATLAB-SQP in highly nonlinear
inverse problems taken from very different fields (e.g., optical super-resolution with evanescent
illumination, visco-hyperelasticity of cell membranes, damage detection etc.) is well documented
in the literature (see, for example, [11,12,14,177-179]).

The structural analyses entailed by the optimization process to evaluate the error functional ()
were performed with the commercial finite element program ANSYS® [174]. Each metaheuristic
search engine and MATLAB-SQP were properly interfaced with the finite element solver. Since the
gradient of error functional is not explicitly available and evaluating () entails structural
analyses, the present algorithms computed approximate gradients as described in Sections 2—4.
Partial derivatives dQ/dX; (i = 1, ... ,NMP) and d5pgn//9X; required by previously developed SA
variants [77,81,83,84] were instead evaluated with centered finite differences (6X; = Xopr/10,000).
Consequently, weighting coefficients ; = (dQ)/dX;)/ IWQ(XOPT)II were determined as:

Nenr [

),

=1

(5FEMj - 5)/ 5

298
: ﬁ] / \/ Nent - Q(Xopra, Xoprt2, - - - XOPT)s - - - » XOPT,NMP ) -
1

SQP-MATLAB computed the VQ(Xopr) gradient with forward finite differences and progressively
updated the [B] matrix involved in the (ST[B]S)/2 term of the quadratic approximation of the error
functional (). The search direction S represents the solution of the approximate sub-problem built
in each iteration. The [B] matrix is initially set equal to the unit matrix and finally converges to the
Hessian matrix of the error functional Q).

Before running optimizations with the new algorithms HFSA, HFHS and HFBBBC, we tried to
simplify the previously developed SA/HS/BBBC formulations [77,81,83,84,162-166] adapting them
to inverse problems. The goal was to drastically reduce the number of structural analyses required
by the identification process. For example, in the case of SA variants used in [77,81,83,84], the global
annealing search equation involving sensitivities d(/dX; is replaced by:

Xi™ = Xopri + (XY = Xi") o1 x Qopr-1/QopTy i=1,... NMP) (32)

The new trial design Xtr thus obtained is evaluated with respect to the current best record Xopr.
If O(XTR) < Q(XoPT), XTR iS reset as the current best record and a new trial point is defined with
Eq. (32). Conversely, if Q(XTR) > Q(XoPT), @ new trial point XTr™®" = 2Xopr — XTR is defined via
mirroring strategy and evaluated with respect to Xopr.

If OXTR™™) < O(XopT), XTR™Y is reset as Xopr and a new trial design is generated with
Equation (32). Conversely, if it still holds Q(Xtr™") > Q(Xopt), the error functional ()(X) is
approximated by a 4th order polynomial Qpp(X) passing through the five trial points XTr, XINT ,
Xort, XinT and Xtr™"™ where XiNT iS a randomly generated trial point between Xtr and Xopt while
XinT  is another randomly generated trial point between Xopr and XTr™¢". If there is a point Xopr*
minimizing the approximate error functional in the segment limited by Xtr and Xtr"®", a new exact
structural analysis is performed to compute Q)(Xopt*). If Q(XopT*) > Q(X0PT), trial designs XtR, XINT ,
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Xort*, XinT and Xtr™"™ are accepted or rejected based on Metropolis’ criterion. Finally, the trial

design with the smallest value of error functional is reset as Xopr. If Qapp(X) does not have any
minima, the 1-D local annealing search is performed until the current best record is updated.

The above described SA strategy—denoted as SA-NGR in the rest of this article—does not require
any exact gradient evaluation but it includes a rather simple line search strategy, which does not ensure
trial designs to be lying on descent directions. The XY - X step used in Equation (32) may result
in larger perturbations and hence less optimization cycles. However, the total number of structural
analyses required in the identification process does not change substantially with respect to the SA
variants including gradient evaluations [77,81,83,84].

In the case of HS algorithm, any trial design Xrg is defined as:

XTR = XOPT + PFASTSFAST *+ PBESTSBEST (33)

where: Spast and Sggst, respectively, are the steepest descent and the best directions moving from
population designs towards the current best record Xopr (the same nomenclature used for the derivation
of Equation (22) applies also in this case); prast and ppgst are two random numbers in the interval
(0,1), respectively, generated for Spast and Sgest. Unlike HS variants [164,166,167], Equation (33)
directly utilizes approximate line search to define descent directions.

If the new trial design Xtg is better than the worst design Xworst included in the harmony
memory matrix [HM], it replaces it and the updated population is re-ordered to determine the new
current best record. Conversely, if Q(XTR) > QU(XwoRsT), @ new trial point XTr™" = 2-Xopt — XTR
is defined via mirroring strategy. If it holds again Q(Xtr™") > Q) (XworsT) (this may be due to
nonlinearity and non-convexity of the inverse problem), the 4th order polynomial approximation of ()
described above is performed to find a point of minimum X* yielding Q(X*) < Q(XworsT). Should this
search be unsuccessful, mirroring strategy and approximate line search are repeated until a trial design
better than the worst design stored in the harmony memory is found.

Similar to SA-NGR, this simplified HS formulation—denoted as HS-NGR in the rest of this
article—does not evaluate the gradient of error functional. However, it considers only two potentially
descent directions (yet defined from approximate line search) and hence it is forced to repeatedly
perform mirroring of trial designs, polynomial approximation of error functional and 1-D annealing
search. While the classical HS strategy of replacing only the worst design is adopted also by HS-NGR
without following any elitist criterion, the main architecture of HS based on the use of HMCR and
bandwidth parameters is not retained. In fact, HS-NGR always uses the same Equation (33) to generate
new trial designs regardless of the fact that the current trend of variation of the error functional would
suggest performing exploitation rather than exploration. Consequently, HS-NGR may be unsuccessful
in global search and it attempts to correct this problem by carrying out a local search, which usually
entails many structural analyses. Furthermore, replacing only the worst design results in an extra
number of FE analyses. This counterbalances the reduction in the number of analyses achieved by not
computing gradients via finite differences.

In the case of the BBBC algorithm, any trial design Xtr is always defined as:

X1R = XM + PFAST.CM X SFAST.CM + PBEST,.CM X SBEST,CM (34)

where: Spast.cm and SpesT,.cMm, respectively, are the steepest descent and the best directions moving
towards the center of mass of the population (definitions are the same as for Equation (22) but Xopr
is replaced by Xcm); prast and ppgst are two random numbers in the interval (0,1), respectively,
generated for Spast.cm and Sgest.cm- Unlike BBBC variants [165,166] and similar to Equation (33)
used for HS-NGR, Equation (34) directly utilizes approximate line search to define descent directions.

The new trial design Xtr is evaluated in the same way as in the SA-NGR algorithm and a new
explosion in the neighborhood of the center of mass is performed only if the current Xopr could not
be improved.



Materials 2019, 12, 2133 23 of 46

Since the above described simplified BBBC variant is a gradient free algorithm, it will be denoted
as BBBC-NGR in the rest of the article. At first glance, BBBC-NGR has to deal with two critical aspects:
(i) solution is perturbed with respect to the center of mass of the population rather than with respect to
the current best record; (ii) a limited number of potentially descent directions are considered in the
formation of a new trial solution. Consequently, the reduction of computational cost granted by the
smaller number of explosions may by counterbalanced by the additional structural analyses performed
in the attempt of improving current best record with mirroring strategy and 4th order approximation
of error functional Q).

5.1. Mathematical Optimization Benchmark: Random Minimum Square Problem

The inverse problem (1) basically is a least square problem. A randomized version of the problem
can be stated in the general form for NMP design variables as:

NMP

MinQ = —m)?
S 5)
-1<x<1

wheren; (i=1,... ,NMP) are random numbers generated in the (-1,1) interval. The cost function of
this problem is unimodal and has a global minimum located at XTrg(M1,M2, - - - ,NnMp) and leading to
Owmmn = 0. The random numbers 1j; in Equation (35) introduce noise in the least square optimization
process similar to the noise that may be caused by optical measurements. Here, the target vector
XtrRG(M1M2, - - - MNMP) Was selected by averaging five randomly generated vectors.

In order to carry out a preliminary comparison between the present algorithms and other
optimizers, the problem (35) was solved with NMP = 100 or NMP = 500 using HFSA, HFHS, HFBBBC,
adaptive HS [170,171], BBBC-UBS [172], JAYA [35,175,176] and SQP-MATLAB. Using NMP = 500
variables allowed to simulate the use of a fairly large number of control points at which the optically
measured displacements are compared with finite element results.

The population size for HFHS, HFBBBC and JAYA was set as 20, 200, 500 and 1000 in order to
analyze sensitivity of convergence behavior to Npop. Because of the random nature of metaheuristic
search engines, 20 independent optimization runs were carried out for each setting of Npop and NMP.
HFSA and SQP-MATLAB runs were started from the best point and center of mass of each initial
population defined for HFHS, HFBBBC and JAYA. These points were very far from the target solution:
in fact, initial values of () ranged between 26.33 and 34.15 with an average percent error on variables
ranging between 541.4% and 1392.7%.

The present algorithms found very competitive designs with SQP-MATLAB but required up to
three function evaluations to complete the optimization process: on average, 3196 (HFSA), 3562 (HFHS)
and 3813 (HFBBBC) vs. 1650 (SQP-MATLAB). However, the average optimized cost and standard
deviation on optimized cost were significantly smaller for the present algorithms, which converged to
more precise solutions than SQP-MATLAB: in particular, (3.798 + 1.149) x 10712, (2.899 + 2.623) x 10712
and (7.816 + 4.241) x 10713, respectively, for HFSA, HFHS and HFBBBC vs. (1.044 + 0.948) x 10710
obtained by SQP-MATLAB. The higher precision of HFSA, HFHS and HFBBBC is confirmed by the
larger deviation of optimized designs from the target solution Xtrg seen in the case of SQP-MATLAB.
It should be noted that, since the target optimum Xtrg contains some very small values (for example,
of the order of 7 x 107#), even a small difference between some component of Xopr and Xtrg may
make average deviation increase by a large extent.

While convergence behavior of the present SA/HS/BBBC variants was rather insensitive to
population size, the efficiency of the gradient-based optimizer decreased for increasing population size
due to the larger sparsity of design variable values. Adaptive HS variants [170,171] were outperformed
by HFSA, HFHS and HFBBBC as they found some intermediate designs with an average cost of
0.174 after 10000 function evaluations. BBBC-UBS [172] was much more efficient than adaptive HS
and its convergence speed improved with population size. However, cost function evaluated after
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10000 analyses for BBBC-UBS is still 1.467 x 107, three orders of magnitude higher than for the present
HS/BBBC/SA algorithms. JAYA [35,175,176] was slightly more efficient than BBBC-UBS and arrived
at the cost function value of 1.297 x 1077 after 9850 analyses. However, its computational speed
significantly decreased with population size.

Results gathered in this preliminary test confirmed the ability of the present algorithms to solve
least square type problems including random noise. This conclusion will be proven true in the next
sections also for the three identification problems solved in this study.

5.2. Woven Composite Laminate

The first inverse problem solved in this study regards the mechanical characterization of an 8-ply
woven-reinforced fiberglass-epoxy composite laminate used as substrate for printed circuit boards
(see Figure 6a). The error functional () to be minimized depends on four unknown elastic constants,
Ex, Ey, Gxy and vyy. The target values of material properties were provided by the industrial partner
involved in the project: Ex = 25000 MPa, Ey = 22000 MPa, Gxy = 5000 MPa and vy = 0.280.

Laserbeam 1

Smele ply

8-ply composite laminate

Printed circuit mounted @& Laserbeam 2

on the laminate

lApplied load Fi2

AMANANANA

. 10 mm
A Simple-support 16.5 mm

(0) (d)

Figure 6. (a) Woven composite laminate to be characterized; (b) Schematic of ESPI setup sensitive to
u-displacements; (c) Phase pattern of ESPI fringes; (d) Finite element model simulating the experiment
(control paths are also indicated).

The optimization process entailed by this identification problem attempts to match the in-plane
displacements u generated by a vertical load of 140 N that produces 3-point bending. A 46 mm
long, 13 mm tall and 1.2 mm thick specimen was cut from the laminate and submitted to 3-point
bending. Target displacements u included in the error functional (2 were measured with Phase Shifting
Electronic Speckle Pattern Interferometry (PS-ESPI) [5-7]. The double-illumination interferometer
used in the speckle measurements is schematized in Figure 6b; the symmetric illumination beams



Materials 2019, 12, 2133 25 of 46

make the setup be sensitive to u-displacements. Illumination is realized with a 35 mW He-Ne
laser (A = 632.8 nm). The angle of illumination 0 is 20°. Hence, sensitivity of optical set up
is A/2sin® = 925.1 nm. Fringe patterns were processed following guidelines illustrated in [180].
More details on the ESPI measurements carried out for this identification problem can be found
in [76,77].

The ESPI phase pattern containing displacement information is shown in Figure 6¢c while Figure 6d
shows the finite element model including control paths parallel to the Y-axis of symmetry of the
specimen. The specimen was modelled in ANSYS with 4-nodes plane elements under the assumption
of plane stress. Element size was selected so as to have mesh independent solutions and nodes located
in correspondence of the control points defined on the recorded image. The error functional () was built
by comparing FE results and experimental data at 78 control points. The following bounds were taken
for material parameters in the optimization process: 3000 < Ex < 50000 MPa, 2000 < Ey < 50000 MP4a,
1000 < Gyy < 50000 MPa and 0.01 < vyy < 0.45. These bounds are large enough not to have any effect
on the results of the identification problem.

The population size of all HS and BBBC variants considered in this study was set equal to
10, hence 2.5 times as large as the number of unknown material parameters. The same was done
for JAYA. Values of () corresponding to the best design, worst design and center of mass of the
initial population are 0.180, 0.862 and 0.365, respectively. The corresponding average (maximum)
deviations from target properties are 33.8% (56.1%), 37.4% (61.1%) and 41% (53%), respectively. HFSA,
ANSYS and MATLAB-SQP optimizations were started from each of the three points mentioned above.
Thirty independent optimization runs were carried out starting from different initial populations
(yet keeping Npop = 10) to statistically evaluate algorithms” performance.

The results of the identification process are summarized in Table 1. The “SA-Grad” notation
refers to the ISA algorithm developed in [77], which combined global and local annealing search
strategies based on finite difference evaluation of VQ(Xopr), and was successfully applied to this test
case. All HS/BBBC/SA variants determined material properties with a great deal of accuracy. In fact,
the largest error, made on the Poisson’s ratio, never exceeded 0.941%. The optimized solutions of
HFSA, HFHS and HFBBBC correspond to the lowest errors on material properties. SA-Gradient [77]
also was very accurate but required up to 85% more FE analyses than the present algorithms.

Table 1. Results of the identification process carried out for the woven composite laminate.

Material Properties HFSA [Present] SA-NGR SA-Grad HFHS HS-NGR  [IFBBBC  pppcNGR
[77] [Present] [Present]
Ex 24953 24838 25043 25034 25074 25047 25051
Ey 22051 22207 22034 21995 21913 21978 21861
Vxy 0.280 0.278 0.279 0.279 0.279 0.279 0.279
Gy 5008 5010 5000 5005 5017 5003 4994
Error on material Aver: 0.145 Aver: 0.626 Aver: 0.171 Aver: Aver: Aver: Aver:
properties (%) Max: 0.232 Max: 0.941 Max: 0.357 0-154 0-347 0-176 0-328
T T T Max: 0.357 Max: 0.395 Max: 0.357 Max: 0.632
Residual error on Aver: 0.545 Aver: 0.591 Aver: Aver: Aver: Aver: Aver:
displacements (%) Max: 2.532 Max: 2.788 0-643 0-580 0.622 0-640 0-626
P ° T T Max: 2.736 Max: 2.689 Max: 2903 Max: 2.734 Max: 2.899
22
Optimization 14 17 _ 12 13
iterations (I-DSA =1) (I-DSA =5) (l_]:iOS)A - 13 15 (Nexp=1)  (Nexp =4)
FE analyses 257 332 388 210 242 222 274

The maximum residual error on displacements was always lower than 3%, localized near on the

closest control path to the applied load. This happened because the u-displacement field is symmetric
about the Y-axis (i.e., loading direction) and hence u-displacements approach to zero near this axis.
The average error on displacements evaluated for the identified material properties was about 0.6% for
all algorithms.

Table 1 shows that HFHS and HFBBBC were faster than HFSA as they required, respectively,
210 and 222 structural analyses to complete the optimization process vs. 257 analyses required by
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HFSA. The proposed algorithms were between 15% and 23% faster than the simplified algorithms
SA/HS/BBBC-NGR and the number of explosions and 1-D local annealing searches were substantially
reduced by the present formulations. The very small number of optimization variables (only four
unknown parameters) defined for this inverse problem somehow limited the ability of HFHS and
HFBBBC of building a large number of descent directions.

Remarkably, statistical dispersion on identified material properties, residual error on displacements
and required number of finite element analyses evaluated over the thirty independent runs was less
than 0.11% thus proving the robustness of the proposed algorithms.

For the sake of brevity, Table 1 does not report the results obtained by AHS [170,171],
BBBC-UBS [172], JAYA [35,175,176], MATLAB-SQP [173] and ANSYS [174]. The gradient-based
optimizer of ANSYS converged after 48 iterations and about 200 structural analyses to a solution
(Ex = 24898 MPa; Ey = 22306 MPa; Gyxy = 5225 MPa; vyy = 0.223) with about 20.3% error on
Poisson’s ratio. MATLAB-SQP was more accurate than ANSYS (Ex = 25006 MPa; Ey = 22026 MPa;
Gxy = 4971 MPa; vy = 0.288) but yet its solution has a 2.8% error on Poisson’s ratio after 45 iterations
and about 215 structural analyses. Adaptive HS [170,171] was the slowest algorithm overall: in fact,
average error on material properties for the solution Ex = 24767 MPa; Ey =21777 MPa; ny = 5190 MPa;
Vxy = 0.279 was still higher than 1.5% after about 400 structural analyses. BBBC-UBS [172] found
the solution Eyx = 25045 MPa; Ey = 21991 MPa; Gyy = 4889 MPa; vy, = 0.277 after about 350 structural
analyses: this solution is critical with respect to Poisson’s ratio for which there is a 2.2% error.
Finally, JAYA [35,175,176] obtained the properties Ex = 24991 MPa; Ey = 21979 MPa, Gyy = 5044 MP%a;
Vxy = 0.257 after 25 iterations and 250 structural analyses; although elastic moduli were identified very
precisely, the Poisson’s ratio error increased to 9.2%.

The above listed data confirm the superiority of the proposed SA/HS/BBBC formulations over
metaheuristic algorithms that do not use line search to generate trial solutions belonging to descent
directions. The elitist strategies of BBBC-UBS and JAYA are more heuristic and do not form descent
directions in a direct way unlike HFHS and HFBBBC.

The convergence curves obtained for the best optimization runs of HS/BBBC/SA variants, JAYA and
gradient-based optimizers are compared in Figure 7. HFBBBC was the fastest algorithm to significantly
reduce the error functional but it then had a fairly long step with little improvements in () value.
This allowed HFSA and HFHS to have an average convergence rate similar to HFBBBC. The small
number of design variables made it difficult for HFSA to recover the initial gap in cost function (i.e.,
0.180 vs. 0.365). HS-NGR, BBBC-NGR, SA-NGR and SA-Grad showed oscillatory behavior because
they formed trial designs considering only one or two potentially descent directions at a time. JAYA’s
best run started from a population including better designs than the other algorithms but the search
process of this method clearly suffered from the lack of a direct generation of descent directions. In fact,
JAYA achieved the last 30% of its total reduction in error functional with respect to the best initial value
of (2 = 0.136 over 22 iterations out of a total number of 25 iterations.
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Figure 7. Comparison of convergence behavior of different optimizers in the woven composite laminate
identification problem.

MATLAB-SQP was faster than SA-NGR and SA-Grad, comparable in convergence rate
with HFSA and HS-NGR for some iterations but definitely slower than HFHS and HFBBBC.
Furthermore, its convergence curve became very similar to that of JAYA after 11 iterations. The extra
iterations required by JAYA, ANSYS and MATLAB-SQP for completing optimization process were due
to their difficulty in converging to the correct value of Poisson’s ratio.

5.3. Axially Compressed Composite Panel for Aeronautical Use

The goal of the second inverse problem solved in this study was to identify mechanical properties
and ply orientations of a IM7/977-2 graphite-epoxy composite laminate (43 cm long, 16.5 cm tall and
3 mm thick) for aeronautical use. The panel, subject to axial compression, was not reinforced by
any stiffener. According to the manufacturer, the laminate included 1/3 of the layers oriented at 0°
(i.e., in the axial direction Y), 1/3 oriented at 90° (i.e., in the transverse direction X) and 1/3 oriented
at +45°. The error functional (2 to be minimized depends on seven unknown structural parameters:
four elastic constants E,, Ey, Gxy and vyy and three ply orientations 0y, 899 and 645 of the laminate
(corresponding, respectively, to nominal angles 0°, 90° and +45°). The target values of elastic constants
indicated by the industrial partner involved in the project are very typical for the IM7/977-2 material:
Ex = 148300 MPa, Ey = 7450 MPa, Gyy = 4140 MPa and vy = 0.01510.

The optimization process entailed by this identification problem attempts to match the fundamental
buckling mode shape of the axially compressed composite panel. Mode shape is normalized with respect
to the maximum out-of-plane displacement wmax occurring at the onset of buckling. Hence, the target
quantity of the optimization process is the normalized out-of-plane displacement wnorm defined as
W/Wmax-

Figure 8a shows the experimental set-up used for this test case. The axial load is applied to
the specimen by imposing a given end-shortening to the panel top edge while bottom edge is fixed.
The figure shows the MTS Alliance™ RT/30 testing machine and the grips that realize loading and
constraint conditions. In the experiments, end-shortening was progressively increased to 1.5 mm by
moving downwards the testing machine cross-bar.
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ckling o

Figure 8. (a) Experimental setup used in the identification problem of the axially compressed composite
panel; (b) Phase pattern at the onset of buckling; (c) Finite element model simulating the experiment
(control path AB is also indicated).

The buckling shape of the panel was measured with a white light double illumination projection
moiré set-up [6,181,182]. The experimental setup included two slide projectors (Kodak Ektalite® 500,
USA) and a standard digital camera (CANON® Eos 350, 8 Mpix CMOS sensor, Japan) mounted on
a tripod; the optical axis of the camera is orthogonal to the panel surface. The illumination angle 6
limited by the optical axis of each projector and the optical axis of the camera (i.e., the angle between
the direction of illumination and the viewing direction) is 18° while the nominal pitch of the grating
is 317.5 um (80 lines/inch). It can be seen from the figure that projectors are placed symmetrically
about the optical axis of the camera. Each projector projects a system of lines and the wave fronts
carrying these lines in the space interfere to form an equivalent grating, which is then modulated by the
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specimen surface. This condition is equivalent to projecting a grating from infinity. The optical set-up
is sensitive to out-of-plane displacements which modulate the projected lines making them curve.

The pitch of the projected grating (pj) measured on the reference plane (i.e., the surface of the
undeformed panel) was 3623.3 um with a magnification factor of 10.85. Therefore, the sensitivity of
the optical setup, pj/2tan, was 5575.7 um. The double illumination, together with the subtraction of
the phases of the two systems of lines operated via software, produced a phase distribution on both
the reference plane and the observed surface that is equivalent to the case of projection from infinity.
The phase pattern corresponding to the onset of buckling is shown in Figure 8b. Image processing was
done with the HoloStrain software developed by Sciammarella et al. [183].

The experiment was simulated by a finite element model including 8-node shell elements
(Figure 8c): again, the selected mesh size guarantees mesh independent solutions and the
correspondence between control nodes and image pixels. An eigenvalue buckling analysis was
performed in order to determine the critical load of the panel and the corresponding buckled shape.

The error functional () was built by comparing finite element results and experimental data at
86 control points along the AB path sketched in Figure 8c. Such a path was chosen in view of the
observed symmetry of buckling mode which resembles a typical Euler mode with one half-wave.
The maximum out-of-plane displacement occurs at the center of the panel where the origin of the
coordinate system X-Y is placed. The following bounds were taken for material parameters in the
optimization process: 10000 < Ex < 1,000,000 MPa, 1000 < Ey < 1,000,000 MPa, 500 < Gy < 20000 MPa
and 0.001 < vyy < 0.1. Ply orientations were made to vary as follows: —50° < 6y < 50°, 0° < 099 < 91°,
10° < 845 < 70°. Similar to the woven composite laminate problem, the bounds imposed on the
unknown structural properties are large enough not to affect results of identification process.

The population size of all HS and BBBC variants considered in this study was set equal to 15,
slightly more than two times the number of unknown structural parameters. JAYA also was executed
with Npop = 15. Values of () corresponding to the best design, worst design and center of mass of the
initial population are 0.891, 5.149 and 2.303, respectively. The corresponding maximum deviations
from target elastic properties are 130.8%, 521% and 730.6%, respectively. Similar to the previous test
problem, HFSA, ANSYS and MATLAB-SQP optimization runs were started from the best and worst
points as well as from the center of mass of the initial population generated for HS, BBBC and JAYA.
Thirty independent optimization runs (keeping Npop = 15) were carried out to statistically evaluate
algorithms’ performance.

Table 2 presents the results obtained for this inverse problem. The “SA-Grad” notation now refers
to the SA algorithm of Refs. [83,84], which evaluated gradients of error functional via finite differences
and used up to [(2NMP + 1) + 2:NMP] descent directions — out of a total of 2NMP — 1) + 2.NMP
potentially available directions—per iteration to form new trial designs. It can be seen that structural
properties were identified more accurately by HFSA, HFHS and HFBBBC, that obtained an average
error on properties ranging between 0.197 (HFSA) and 0.266% (HFBBBC). The maximum residual
error on buckling mode shape evaluated for the identified structural properties never exceeded 2.75%
for the present algorithms while was about 3.5% for SA/HS/BBBC-NGR and SA-Grad. Average error
on mode shape was always lower than 1.9% for the present algorithms vs. about 2.1% for the other
algorithms. The largest errors on w-displacements were localized near control path boundaries A and
B, that is where displacements tend to zero and numerical noises may occur.
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Table 2. Results of the identification process carried out for the axially compressed composite panel.

HFHS HFBBBC

Material Properties HFSA [Present] SA-NGR SA-Grad [77] HS-NGR BBBC-NGR
[Present] [Present]
Ex 148708 149626 148730 147928 146831 148343 147406
Ey 7479 7403 7516 7491 7464 7499 7523
Vxy 0.01508 0.01502 0.01520 0.01510 0.01527 0.01509 0.01517
ny 4140 4107 4107 4145 4160 4160 4163
0o 0.001021 0.001022 0.0009930 0.003492 0.003599 0.003243 0.0009077
099 90.223 89.347 90.800 89.904 89.720 90.274 90.685
045 44938 45.055 44975 45.113 45.359 44975 44.905
Error (%) on Aver: 0.197 Aver: 0.617 Aver: 0.597 Aver: Aver: Aver: Aver:
0.213 0.649 0.266 0.596
parameters Max: 0.389 Max: 0.894 Max: 0.889 Max: 0550 Max: 1126  Max: 0.658 Max: 0.980
Error on mode Aver: 1554 Aver: 2.088 Aver: 2.107 Aver: Aver: Aver: Aver:
shape (%) Max: 2.281 Max: 3.453 Max: 3.580 1680 2072 1889 2103
p Max: 2.504 Max: 3.426 Max: 2.735 Max: 3.497
Optimization 13 16 20 14 18 15 20
iterations (1I-DSA =2) (I-DSA =5) (1-DSA =6) (Nexp =2)  (Nexp =11)
FE analyses 596 863 935 478 672 431 660

HFHS and HFBBBC were again faster than HFSA as they required, respectively, 478 and
431 structural analyses to complete the optimization process vs. 596 analyses required by HFSA.
The proposed algorithms were between 23% and 36% faster than SA/HS/BBBC-NGR variants and
even up to 117% faster than SA-Grad. Furthermore, they required much less explosions and 1-D local
annealing searches. The fact that HFHS, hybrid HFBBBC and HFSA could reduce the number of
finite element analyses with respect to HS/BBBC/SA-NGR and SA-Grad more significantly than for
the woven composite problem confirms that increasing the number of design variables may allow
the present algorithms to generate more descent directions and speed up the optimization search.
Interestingly, the number of structural analyses required in the axially compressed panel identification
problem was on average about two times as large as that required in the woven composite laminate
identification problem, hence close to the ratio 7 to 4 existing between unknown parameters.

Statistical dispersion on identified properties, residual error on displacements and required number
of FE analyses evaluated over the thirty independent runs remained below 0.17% thus confirming the
robustness of HFSA, HFHS and HFBBBC. For the sake of brevity, Table 2 does not report the results
obtained for AHS [170,171], BBBC-UBS [172], JAYA [35,175,176], MATLAB-SQP and ANSYS also
for this problem. MATLAB-SQP and ANSYS converged to solutions (respectively, Ex = 148960 MPa;
Ey =7594 MPa; Gyy = 4189 MPa; vy, = 0.01488; 0y = 0.07150°; 699 = 86.328; 045 = 43.931° and
Ex = 146550 MPa; Ey = 7255 MPa; Gyy = 4146 MPa; vxy = 0.01558; 0y = 0.1205°; 099 = 88.172;
045 = 41.681°) that still have, respectively, 4.1% and 7.4% errors on ply orientations. This happened
after about 600 structural analyses, hence for a higher computational cost than that required by HFSA,
HFH and HFBBBC.

As expected, adaptive HS [170,171] and BBBC-UBS [172] were outperformed by HFSA, HFHS and
HFBBBC. In particular, adaptive HS converged to the solution Ex = 146760 MPa; Ey = 7266 MPa;
Gxy = 4092 MPa; vy, = 0.01534; 0 = 0.08884°; 099 = 87.632°; 045 = 45.808° after about 1650 structural
analyses, about 3.5 times slower than HFHS. Furthermore, BBBC-UBS found the solution E, = 147275
MPa; Ey = 7562 MPa; Gyxy = 3996 MPa; vy, = 0.01540; 09 = 0.03891°; 699 = 88.513°%; 045 = 46.002°
after about 1250 structural analyses, about three times slower than HFBBBC. In spite of such a large
computational cost, residual errors on structural properties still ranged between 2.6 and 3.5%.

JAYA [35,175,176] converged to the following solution: Ex = 149703 MPa; Ey = 7451 MPa;
Gxy = 4999 MPa; vyy = 0.01525; 69 = 0.01586°; 099 = 85.102°; 045 = 46.171° after 65 iterations and
975 structural analyses. Elastic moduli and Poisson’s ratio were identified very precisely (less than 1%
error) but the largest error on layup angles was about 5.8%.

The convergence curves relative to the best optimization runs of SA/HS/BBBC variants, JAYA,
ANSYS and MATLAB-SQP optimizers are compared in Figure 9. The present algorithms were definitely
faster than SA/HS/BBBC-NGR and SA-Grad. In particular, HFSA and HFHS reduced significantly
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the error functional in the very first iterations but then conducted a fairly long exploitation phase.
HFBBBC showed the most regular rate of reduction of (2 and finally required the lowest number
of structural analyses overall. Although HFSA optimization was started from an initial design
corresponding to a much higher value of () than the best design included in the initial population of
HFHS and HFBBBC (i.e., (3 = 2.303 vs. () = 0.891), it immediately recovered the gap in cost function
and the optimization histories of the present SA/HS/BBBC variants became very similar after about
12 iterations. Similar to the previous test problem, JAYA’s best optimization run started from a better
population than those generated for the other algorithms: in fact, the best value of error functional
was only 0.361. HFHS, HSFA and HFBBBC recovered the initial gap from JAYA within only 3, 6 and
8 iterations, respectively. Furthermore, after the 7th iteration, JAYA’s solutions improved slowly.
The higher computational complexity of this test case made hence more evident the inherent limitation
of JAYA’s formulation: the absence of a mechanism for directly defining descent directions.

HFSA (Present)
-0+ SA-NGR
e ¢ e SA-Grad - Derived from [83,84]
= oHFHS (Present)
——HS-NGR
==HFBBBC (Present)
—%—-BBBC-NGR
~——JAYA - Derived from [35,175,176]
- = ANSYS - Zero Order & Response surfaces
——MATLAB-SQP

Error functional omega

1 12 13 14 15 16 17 18 19 20 21 22
Number of optimization iterations

Figure 9. Comparison of convergence behavior of different optimizers in the axially compressed panel
identification problem.

MATLAB-SQP and ANSYS had the slowest converge rate with a marked oscillatory behavior
in the latter case. The response surface approximation strategy implemented by ANSYS to build
sub-problems (this includes a random selection of the response surface base points) was more efficient
than the first-order method used in the woven composite laminate problem. However, it suffered from
the noise introduced in the response surface fitting by the very different scales of ply orientations and
Poisson’s ratio with respect to elastic moduli.

5.4. Bovine Pericardium Patch

The last identification problem solved in this study regarded the mechanical characterization
of a glutaraldehyde treated bovine pericardium (GTBP) patch subject to inflation. The intensive
experimental campaign conducted in [83,84] confirmed the indications of the industrial partner
involved in the project that the GTBP patch behaves as a transversely isotropic hyperelastic material.
The same conclusion was achieved from both in-plane equibiaxial tension [83] and 3D inflation [84]
tests. Since the bovine pericardium patch can be considered a fibrous hyperplastic material, the error
functional () to be minimized depends on 17 unknown material parameters: 16 hyperelastic constants
(a1, ap, a3 and by, by, b for the “isotropic” deviatoric term associated to matrix properties; ¢y, c3, 4,
c5, ¢ and dy, ds, dg, ds, dg for the “anisotropic” deviatoric term associated to fiber properties) and
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the fiber orientation direction cosine cosf. More details on the transversely isotropic hyperelastic
constitutive model are given in [174].

The average values of material parameters and their corresponding standard deviations
found in [83,84] were: a; = 199.255 + 0.111, a, = 126.110 + 0.341, a3 = 135.758 + 1.216,
by =388.077 + 1.978, by = 169.234 + 2.276,b3 =187.116 + 1.704, c; = 197.506 + 1.750, c3 = 89.359 + 0.633,
cq =174.382 +0.732, c5 = 169.645 = 0.115, ¢ = 148.225 + 0.936, d, = 158.541 + 0.629, d3 = 21.608 + 0.514,
dy = 69.229 + 0.508, d5 = 168.032 + 2.462, dg = 102.076 + 0.302 kPa and cos® = 0.6837 + 0.000751.
Since standard deviations are very small, average values of material properties can be taken as the
target result of the identification process. A further proof of the validity of the assumption made above
is that cos® = 0.6837 matches well with the angle of rotation of the iso-displacement contours seen
experimentally with respect to the coordinate axes X and Y.

The optimization process entailed by the identification problem attempts to match the total
displacements utor = Vu? + 02 + w? of a circular membrane of diameter 40 mm and thickness
0.5 mm progressively inflated up to the maximum pressure of 12.22 kPa. An assembly view of
the experimental set-up used in the inflation test is shown in Figure 10a. 3D displacement components
were simultaneously measured by combining intrinsic moiré (IM) and projection moiré (PM) [5-7]:
IM is sensitive to in-plane displacements while PM is sensitive to out-of-plane displacements.
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Figure 10. (a) Experimental setup used in the identification problem of the bovine pericardium patch;
(b) Modulation of printed and projected gratings from specimen deformation; (c) Finite element model
simulating the experiments (control paths /. and v, are also indicated).
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Figure 10b shows a typical image of the inflated membrane illuminated by white light with the two
modulated gratings by the deformed specimen: the printed square-dots grating (1 mm pitch) follows
the evolution of the in-plane displacements 1 and v while the projected vertical lines grating (2 mm
pitch) follows the evolution of the out-of-plane displacement w. The origin of the reference system X-Y
is put in the center of the tested membrane. Images were processed with the HoloStrain software [181].
The largest in-plane displacement measured in the experiments was about 0.5 mm while the largest
out-of-plane displacement was about 5.3 mm. Each displacement component was extracted from
the FFT pattern of the recorded image by properly selecting spatial frequencies. More details on the
experimental tests performed for this identification problem are given in [83,84].

The inflation test was simulated by the finite element model shown in Figure 10c,
including 1200 quadratic solid hyperelastic elements and 8603 nodes. The FE model shows the
zero-displacement boundary condition imposed at the circular edge of the membrane as well as the
uniformly distributed inflation pressure acting on the membrane. Mesh size was determined via
convergence analysis again taking care to match control nodes and pixels of the recorded images.
In the FE analysis, the NLGEOM geometric nonlinearity option was activated in order to account for
the large deformations experienced by the hyperelastic membrane.

The error functional () of this test problem was built by comparing ANSYS results and moiré data
at 81 control points located on the horizontal control path /. along the X-axis and the vertical control
path v. along the Y-axis. All hyperelastic constants were made to vary between 10 kPa and 1 MPa while
cos6 could range between 0.65 and 0.75. As for the previous two test problems, the bounds imposed
on material properties were large enough not to affect the solution of the identification process.

The population size of all HS and BBBC variants considered in this study was set equal to 30,
hence about two times the number of unknown material parameters. JAYA’s optimization also was
run with Npop = 30. The values of () functional corresponding to the best design, worst design and
center of mass of the initial population are 0.125, 0.570 and 0.340, respectively. The corresponding
average deviation from target properties ranges between 223% and 566%. The high nonlinearity of this
identification problem is confirmed by the fact that the best four designs of the population present
a larger deviation from target properties than the worst design: respectively, 417%, 345%, 350% and
432% vs. 282%. HFSA, ANSYS and MATLAB-SQP optimization runs were started from the best
and worst points as well as from the center of mass of the initial population generated for HS and
BBBC. Thirty independent runs were executed with different initial populations (keeping Npop = 30)
to statistically evaluate performance of different optimizers.

Table 3 presents the results obtained for this inverse problem. The “SA-Grad” notation again
refers to the SA algorithm derived from [83,84]. The present SA/HS/BBBC variants were once again
more accurate than SA/HS/BBBC-NGR algorithms. In fact, average and maximum errors on identified
material properties, respectively, ranged between 0.196 (HFHS) and 0.256% (HFSA), and between
0.594% (HFBBBC) and 0.692% (HFHS) vs. about 0.49% (average) and 1.24% (maximum) errors seen for
SA/HS/BBBC-NGR. The largest residual error on uiot-displacements evaluated for the present algorithms
never exceed 2.9% and average residual errors were about 30% lower than for SA/HS/BBBC-NGR.
The analysis of error maps revealed that largest errors are localized at X = + 11.5 mmand Y = + 8.5 mm,
that is where the three displacement components become comparable in magnitude.
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Table 3. Results of the identification process carried out for the bovine pericardium patch.

Material SA-Grad Derived HFHS HFBBBC
Properties HFSA [Present] SA-NGR from [83,84] [Present] HS-NGR [Present] BBBC-NGR
ap 198.961 198.787 199.255 198.837 200.989 199.246 199.362
ap 126.885 127.046 126.110 125.858 127.761 125.361 127.680
ag 135.601 134.819 135.758 135.587 135.349 136.194 136.205
by 386.003 385.440 388.077 388.455 390.833 388.284 387.069
by 169.684 170.439 169.234 169.245 169.568 168.627 170.263
bs 187.298 185.346 187.116 187.383 188.867 187.568 187.567
o 197.367 197.407 197.506 197.783 197.959 197.896 198.615
c3 89.111 89.568 89.359 89.192 89.594 89.064 89.661
Cy 173.820 173.634 174.382 174.239 174.382 173.938 174.938
C5 169.835 171.097 169.645 170.031 170.209 169.607 169.833
Co 147.876 149.953 148.225 148.261 147.013 148.060 148.043
dy 159.260 159.449 158.541 158.699 158.268 158.595 158.417
ds 21.692 21.794 21.608 21.705 21.599 21.525 21.512
dy 69.112 69.275 69.229 69.063 69.682 69.041 69.280
ds 167.501 166.533 168.032 169.194 168.956 168.035 166.372
dg 102.293 102.551 102.076 101.687 101.573 102.410 102.654
cosO¢ 0.6838 0.6837 0.6837 0.6839 0.6776 0.6837 0.6834
Aver: Aver: Aver: Aver:
Errors on Aver: 0.256 Aver: 0.
prope?tise:(%) Max: (()).615 Maex: 1?22 N/A 0.19 0-516 0-206 0-376
Max: 0.692 Max: 1.309 Max: 0.594 Max: 1.245
Residual errors Aver: 1.141 Aver: 1.666 Aver: 1.560 Aver: Aver: Aver: Aver:
on ot (%) Max: 2.845 Max: 3.254 Max: 3.167 1070 1:533 1097 1658
Max: 2903 Max: 3.089 Max: 2904 Max: 3.226
Optimization 25 27 34 o4 31 25 33
iterations (I-DSA =2) (I-DSA =38) (1I-DSA =12) (Nexp=2)  (Nexp =9)
FE analyses 1373 1829 1972 1223 1807 1294 1668

HFHS, HFBBBC and HFSA required, respectively, 1223, 1294 and 1373 structural analyses to
complete the optimization process. Hence, the proposed algorithms were between 22.4% and 32.3%
faster than the other algorithms and reduced the number of explosions and 1-D local annealing searches
on average by a factor 5 with respect to the previous formulations. The average number of FE analyses
required by HFSA, HFHS and HFBBBC for this identification problem was about 2.5 times as large as
its counterpart in the axially compressed panel problem. Hence, computational cost again changed
almost linearly with the number of unknown parameters.

The HFSA, HFHS and HFBBBC algorithms were very robust also for this test problem. In fact,
statistical dispersion on identified properties, residual error on displacements and required number of
FE analyses evaluated over the thirty independent runs remained below 0.058%. The higher amount of
design freedom introduced by the larger number of unknown parameters with respect to the first two
test problems allowed to generate high quality trial solutions more easily regardless of the composition
of the initial population.

AHS [170,171], BBBC-UBS [172], MATLAB-SQP and ANSYS were outperformed by HFSA,
HFHS and HFBBBC also in this identification problem. In particular, the MATLAB-SQP solution
(a1 =196.6, ay = 126.8, a3 = 130.58, b; = 392.17, by = 169.72, b3 = 186.97, c; = 196.52, c3 = 89.768,
cq = 173.46, c5 = 168.98, ¢ = 148.79, dp = 159.12, d3 = 21.173, d4 = 69.507, d5 = 165.86, dg = 98.219 kPa
and cosf = 0.6882) was obtained after about 80 optimization iterations and 1550 structural analyses
(i.e., 1.13 times the computational cost of HFSA) but still had a 3.8% error on hyperelastic constants a3
and dg. ANSYS converged to a slightly worse solution than MATLAB-SQP even though it required
about 100 optimization iterations and 1700 finite element analyses.

BBBC-UBS [172] converged to the solution a; = 199.368, a, = 123.056, as = 135.963,
b1=386.842, by = 170.251, b3 = 186.915, c; = 198.753, c3 = 89.669, ¢4=175.105, c5 = 169.838, ¢ = 147.961,
dp = 158.403, d3 = 21.681, d4 = 69.146, d5 = 166.405, dg = 102.738 kPa and cosf = 0.6833 after about
2800 finite element analyses, about 2.2 times slower than HFBBBC. However, the residual error
made on the ap hyperelastic constant was still 2.4% in spite of such a large computational cost.
Adaptive HS [170,171] was again the worst optimizer overall as its solution (a; = 197.213, a, = 125.214,
az = 130.744, by = 388.321, by =174.278, b3 = 186.831, c; = 197.451, c3 = 88.118, c4 = 172.409, c5 = 168.746,
cs = 151.330, dp = 158.462, d3 = 20.845, d4 = 69.298, d5 = 168.764, dg = 100.741 kPa and cos6 = 0.6776)
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yield a residual error of 3.5% on hyperelastic constants a3 and d3, in spite of having performed about
3500 finite element analyses, about 2.9 times more than HFHS.

JAYA [35,175,176] obtained a very close solution to BBBC-UBS [172] (i.e., less than 0.25% difference
on hyperelastic constants; same value of cosf) completing the optimization process in 2380 finite
element analyses (i.e., 140 iterations), still very slowly with respect to the present SA/HS/BBBC variants.
The detail of the JAYA’s solution is as follows: a; = 199.325, a, = 122.987, a3z = 136.094, b; = 386.915,
by =170.351, b = 187.240, c; = 198.259, c3 = 89.655, ¢4 = 174.948, c5 = 170.087, cs = 148.022, d, = 158.558,
d3 =21.634, d4 = 69.093, d5 = 166.083, dg = 102.753 kPa and cos6 = 0.6833.

The convergence curves obtained for the best optimization runs of HS/BBBC/SA variants,
MATLAB-SQP and ANSYS optimizers are compared in Figure 11. The JAYA’s best run curve is
not shown in the figure as values of () recorded in the first 30 iterations are off-scale. Because of the
high nonlinearity of this problem, intermediate designs were sorted also in terms of deviation from
target properties. This explains why convergence curves of BBBC and HS variants start from higher
values of () than those of SA variants, ANSYS and SQP optimizers which start from the () = 0.340 value
corresponding to the center of mass of the population. HFBBBC was definitely the fastest algorithm
throughout optimization process, followed by HFSA and HFHS. However, convergence curve of HFHS
was almost monotonic and this explains why HFHS finally required less finite element analyses than
HFBBBC and HFSA, which instead showed fairly long steps with small improvements in solution.
The optimization histories of HFSA, HFHS and HFBBBC practically coincided after 20 iterations.
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Figure 11. Comparison of convergence behavior of different optimizers in the bovine pericardium
patch identification problem.

The present algorithms were definitely faster than SA/HS/BBBC-NGR variants and SA-Grad.
The “NGR” algorithms showed steps and oscillatory behavior in the optimization history because
the number of descent directions (i.e., one or two) involved in the formation of new trial solutions
was not large enough to deal with the high nonlinearity of the GTBP patch identification problem.
Interestingly, SA-Grad considered a set of 69 (i.e., 4-NMP + 1) descent directions in each iteration to
update design. This allowed oscillatory behavior to be limited but about one half of these 69 directions
were formed by perturbing one material parameter at a time and hence yield little improvements in
the error functional.

ANSYS again showed the slowest converge rate and a marked oscillatory behavior. That happened
because the high nonlinearity of this identification problem reduced the efficiency of the response
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surface approach used by ANSYS for building the approximate sub-problem in each optimization
iteration. MATLAB-SQP was competitive with SA-Grad for about 20 iterations but it then started
to cycle between intermediate designs characterized by () = 0.01 trying to find proper values for
hyperelastic constants a3 and dg. Conversely, SA-Grad used its inherent exploitation capability to
improve solution in the final part of optimization history.

JAYA (the convergence curve is not shown in the figure) started its best optimization run from
a population with Q) opt = 0.476 and could not reduce the error functional value below 0.35 for the
first 30 iterations. Such a behavior confirms that as problem size increases it becomes more important
to update population according to the rank held in the population by the currently perturbed design.
This requirement is certainly satisfied by HFHS and HFBBBC, which generate search directions Sgast,
SBEST, S2ndBEST, SoPT-CM etc. (or perform low cost evaluations of sensitivities of error functional)
while JAYA simply perturbs designs following the initial order assigned to the Npop individuals.
For a given design, it is also important to tailor perturbations of each variable to sensitivities of error
functional. Whilst this is intrinsically done by 1D probabilistic search utilized by the present algorithms,
JAYA updates variables just following the classical 1st to NMPth variable sequence. The latter may
result in missing “good” values of “some” variable that potentially improve a given solution more
than other values of other variables selected instead. The probability of missing good variable values
clearly increases with the problem dimension as it becomes more difficult to reconstruct in the search
space the path leading to the global optimum. This explains the “inertia” effect observed for JAYA,
which became slower as test problem size increased. Since the ratio between population and number
of optimization variables was very similar for all test cases, the “inertia” effect logically occurred also
for larger population sizes (see discussion on JAYA's results developed in Section 5.1).

In order to evaluate sensitivity of convergence behavior of HFSA, HFHS and HFBBBC algorithms
to initial population and initial design, the bovine pericardium patch identification problem was
also solved with a population including 90 candidate solutions. The new population of HS and
BBBC included 60 additional “low quality” candidate solutions characterized by higher values
of the error functional: the new worst design has () = 1.352 while the new center of mass has
() = 0.709. Consequently, the average deviation from target properties varied between 223% and 1030%.
The candidate solutions yielding the lowest values of () again did not show the smallest deviations
from target properties.

Results of sensitivity analysis to population size and initial solutions are presented in Table 4.
All of the present algorithms practically converged to the same material properties regardless of
population size/initial design. Deviations from target material properties were slightly higher for
Npop = 90 but remained below 0.27% (average error) and 0.78% (maximum error). Residual errors
on displacements also changed marginally with respect to those evaluated for Npop = 30. HFHS and
HFBBBC performed one more iteration than in the case Npop = 30 while HFSA could eliminate one
optimization cycle. The number of explosions and 1-D local annealing searches remained the same
for the two populations. The number of finite element analyses required in the optimization process
changed at most by 15%. This increase was due to the fact that the 90-designs population included
lower quality solutions. The robustness of the present algorithms is confirmed by the convergence
curves shown in Figure 12. It appears that each pair of optimization histories relative to a given
algorithm practically coincided in the last 4-5 iterations.
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Table 4. Bovine pericardium patch identification problem: sensitivity of HFHS, HFBBBC and HFSA
algorithms to initial design/population.

Material Properties HFSA HFSA HFHS HFHS HFBBBC HFBBBC
(Npop =30) (Npop=90) (Npop=30) (Npop=90) (Npop=30) (Npop=90)
ap 198.961 198.493 198.837 199.408 199.246 198.978
ap 126.885 126.010 125.858 126.093 125.361 125.888
az 135.601 136.301 135.587 135.970 136.194 135.857
by 386.003 387.236 388.455 388.961 388.284 390.563
by 169.684 169.151 169.245 168.943 168.627 168.873
bs 187.298 186.850 187.383 186.345 187.568 185.810
o) 197.367 197.909 197.783 197.181 197.896 197.948
c3 89.111 89.247 89.192 89.809 89.064 89.264
Cy 173.820 174.274 174.239 174.325 173.938 174.047
Cs 169.835 169.719 170.031 169.600 169.607 169.458
Ce 147.876 149.097 148.261 148.307 148.060 148.189
d, 159.260 157.591 158.699 157.380 158.595 158.459
ds 21.692 21.697 21.705 21.725 21.525 21.714
dy 69.112 69.182 69.063 69.354 69.041 69.287
ds 167.501 168.849 169.194 168.994 168.035 169.337
dg 102.293 102.550 101.687 102.141 102.410 102.204
cosB¢ 0.6838 0.6851 0.6839 0.6837 0.6837 0.6846
Errors on properties (%) Aver: 0.256 Aver: 0.266 Aver: 0.196 Aver: 0.231 Aver: 0.206 Aver: 0.250
Max: 0.615 Max: 0.599 Max: 0.692 Max: 0.732 Max: 0.594 Max: 0.777
Residual errors on ittt (%) Aver: 1.141 Aver: 1.257 Aver: 1.070 Aver: 1.188 Aver: 1.097 Aver: 1.201
Max: 2.845 Max: 2.896 Max: 2.903 Max: 2.907 Max: 2.904 Max: 2.962
e . 25 24 25 26
Optimization iterations (1I-DSA=2) (1-DSA=2) 24 25 (Nexp =2) (Nexp = 2)
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Figure 12. Sensitivity of HFSA, HFHS and HFBBBC to initial population/starting point for the bovine
pericardium patch identification problem.

6. Discussion and Conclusions

This study presented a hybrid framework for mechanical identification of materials and structures.
The framework combined full-field measurements done with optical methods and global optimization
based on metaheuristic algorithms. Such a choice was motivated by the fact that metaheuristic
algorithms allow to efficiently deal with the inherent non-linearity and non-convexity of inverse
problems. From the experimental point of view, using optical methods is the best approach to
identification problems because these techniques provide full-field information, do not alter the state
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of the investigated specimen, and can precisely detect material anisotropy, presence of local defects
and/or damage.

However, the “no free lunch” theorem states that no metaheuristic algorithm can outperform
all other algorithms in all optimization problems. Unlike gradient-based optimizers that are still
implemented in commercial software although their formulations did not change much in the last
25-30 years, most of the newly developed metaheuristic algorithms added very little to the optimization
practice and their appeal quickly vanished after a very few years. This suggests that rather than
proposing a new metaheuristic algorithm that improves available methods just marginally it is
better to significantly improve the most powerful algorithms. For this reason, we developed three
advanced versions of simulated annealing (SA), harmony search (HS) and big bang-big crunch (BBBC).
These algorithms were selected as they are very well established metaheuristic optimization methods
for which many successful applications to inverse problems have been documented in technical
literature. Furthermore, these algorithms possess important features, which are very desirable in
global optimization. In fact, SA is inherently able to bypass local optima, HS has a memory where
good solutions may be stored, BBBC employs the concept of center of mass including information on
the average quality of the population of trial solutions.

The rationale behind the new algorithms developed in this study—denoted as Hybrid Fast
Simulated Annealing (HFSA), Hybrid Fast Harmony Search (HFHS) and Hybrid Fast Big Bang-Big
Crunch (HFBBBC)—was to generate high quality trial designs lying on a properly selected set of
descent directions. For that purpose, enhanced approximate line search and computationally cheap
gradient evaluation strategies were developed. Besides hybridizing SA/HS/BBBC metaheuristic search
engines with gradient information and approximate line search, HS and BBBC were hybridized with
an enhanced 1-D probabilistic search derived from SA.

The optimization framework was tested in three inverse elasticity problems: (i) mechanical
characterization of a composite laminate used as substrate in electronic boards; (ii) mechanical
characterization and layup identification of an axially compressed composite panel for aeronautical use;
(iii) mechanical characterization of bovine pericardium patches used in biomedical applications.
The largest test case (iii) included 17 unknown parameters. Sensitivity of inverse problem
solutions and convergence behavior to population size and initial design/population was statistically
evaluated. A preliminary mathematical optimization problem was solved in order to train algorithms.
Remarkably, HFSA, HFHS and HFBBBC were very efficient and outperformed other SA, HS and
BBBC formulations, the JAYA algorithm as well as a state-of-the-art gradient-based optimizer like
MATLAB-5QP. Furthermore, the present algorithms always were very robust.

An interesting fact observed from Tables 1—4 is that the maximum residual error on displacements
was about 3% for all identification problems. In order to check if this is an inherent limitation of
HFSA, HFHS and HFBBBC algorithms, an in silico identification was carried out by computing
displacement fields for the target material/structural properties provided by manufacturers (first two
identification problems) or determined by averaging results of [83,84] (last identification problem).
Optimizations were hence run to reconstruct the target displacement fields generated numerically.
Remarkably, the present algorithms were always able to converge to the target material/structural
properties reproducing the displacement field with zero residual errors. The observed 3% maximum
error hence falls within the level of uncertainty normally entailed by a FEMU-based characterization
process, a very complicated task which attempts to match experimental data and finite element results.
Optically measured displacements certainly are a good target because the accuracy of speckle and
moiré techniques may go down to a very small fraction of the sensitivity of experimental setup.
However, in this study, control points were selected right at critical locations (i.e., near boundaries
where displacements tend to zero or in transition regions where all displacement components are
comparable in magnitude) where even small drifts on measured quantities may have an impact on the
success of the identification process. Furthermore, a rather small set of control points was selected for
building the error functional (). This was done in order to make the matching of experimental data



Materials 2019, 12, 2133 39 of 46

and numerical results more difficult, thus testing the real ability of HFSA, HFHS and HFBBBC to find
the global optimum or get very close to the global optimum. In view of this, the results presented in
this article should be considered very satisfactory.

Based on the arguments discussed above, it can be concluded that the proposed hybrid framework
is a powerful tool for solving inverse mechanical problems.
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